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Abstract 
Serratia marcescens ARP5.1 was selected from a collection of 667 bacterial strains due to 
its promising capacity to produce inhibitory compounds against avocado pathogens. To 
enhance bioactive metabolite production, combinations of agitation speeds and aeration 
rates were evaluated on a stirred tank bioreactor. In vivo assays of the metabolic extract of 
S. marcescens ARP5.1 were performed to assess the control of postharvest diseases in 
avocado fruits and on infected seedlings by Phytophthora cinnamomi. A bioguided 
approach was used, with Phytophthora cinnamomi and Colletotrichum gloeosporioides as 
bioactivity indicators, to isolate, purify and structurally elucidate three compounds from S. 
marcescens ARP5.1: serratamolide A, prodigiosin and haterumalide NA. An optimization 
process of the yield of haterumalide NA in liquid fermentation was carried out. 
Subsequently, an approach to the mode of action of the compound on Phytophthora 
species was performed. Results showed that oxygen and shear stress were crucial factors 
at bioreactor scale. The extract demonstrated control levels of the diseases similar to 
commercially available products. Three out of 9 variables (maltose, magnesium and NaCl) 
were selected, optimized and validated, showing a 31-fold yield optimization (129.0 ± 2.6 
mg/L at 48 h) in a bioreactor. High inhibitory activity of haterumalide NA, compared with 
commercially available products, was evidenced against P. cinnamomi, and two additional 
Phytophthora species (P. nicotianae and P. palmivora). However, no evident effects on any 
of the assessed asexual stages of the Phytophthora species were observed, except for 
hyphal swelling of P. cinnamomi in the resistant structures test; therefore, evidence was 
not conclusive on a possible target for haterumalide NA. Further experiments should be 
focused in assessing specific intracellular molecular target of the pathogens. 
Keywords: response surface method, central composite design, mode of action, root rot, 
postharvest diseases, secondary metabolites, bioformulates.  
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Serratia marcescens ARP5.1 se seleccionó a partir de una colección de 667 aislados 
bacterianos, gracias a su capacidad para producir compuestos inhibitorios frente a 
patógenos del aguacate. Para mejorar la producción de metabolitos bioactivos, se 
evaluaron combinaciones de velocidades de agitación y velocidades de aireación en un 
biorreactor de tanque agitado. Se realizaron ensayos in vivo del extracto metabólico de S. 
marcescens ARP5.1 para evaluar el control de enfermedades postcosecha en frutos de 
aguacate y en plántulas infectadas por Phytophthora cinnamomi. Se utilizó un enfoque 
bioguiado, con P. cinnamomi y Colletotrichum gloeosporioides como indicadores de la 
actividad, para aislar, purificar y elucidar estructuralmente tres compuestos a partir S. 
marcescens ARP5.1: serratamolide A, prodigiosin y haterumalide NA. Se llevó a cabo un 
proceso de optimización del rendimiento de haterumalide NA en fermentaciones líquidas. 
Posteriormente, se realizó una aproximación al modo de acción del compuesto sobre 
especies de Phytophthora. Los resultados mostraron que el oxígeno y la tensión de 
cizallamiento fueron factores fundamentales a escala de biorreactor. El extracto demostró 
niveles de control de las enfermedades similares a los productos disponibles 
comercialmente. Tres de las 9 variables (maltosa, magnesio y NaCl) se seleccionaron, 
optimizaron y validaron, mostrando un rendimiento en el punto óptimo de 31 veces (129.0 
± 2.6 mg / L a las 48 h) en el biorreactor. Se evidenció una alta actividad inhibitoria de 
haterumalide NA frente a P. cinnamomi y dos especies adicionales de Phytophthora (P. 
nicotianae y P. palmivora). Sin embargo, no se observaron efectos evidentes en ninguna 
de las etapas asexuales evaluadas en las especias de Phytophthora, a excepción del 
hinchamiento hifal de P. cinnamomi en la prueba de estructuras de resistencia; por lo tanto, 
no es posible concluir sobre un posible blanco de haterumalide NA. Los experimentos 
futuros deberán centrarse en evaluar blancos moleculares intracelulares específicos en los 
patógenos. 
Palabras clave: Método de superficie de respuesta, diseño central compuesto, modo de 
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Feeding a growing global population without increasing cultivated areas or invading virgin 
forests has posed a challenging objective for humanity in the frame of the Sustainable 
Development Goal (SDG) set by the United Nations. SDG involve the promoting of 
sustainable agricultural practices: supporting small-scale farmers and allowing equal 
access to land, technology and markets. It also calls for international cooperation to make 
sure investment in infrastructure and technology to be made for the improvement of 
agricultural productivity (http://www.undp.org/content/undp/en/home.html). The only 
manner to achieve food security and shift towards a more resource efficient economy is by 
creating more efficient crop production systems.  
Historically, a myriad of alternatives for solving the humanity issues has relied on the 
exploitation of natural resources, including microbial biodiversity. Moreover, continuous 
generation of knowledge about microbial ecology and metabolism has allowed humankind 
to mine these potential sources for their benefit. Antibiotics are one of the greatest 
examples. Since the discovery of penicillin in 1928, a wide range of possibilities opened up 
on the use of microbial diversity to obtain substances for their use in medicine as antibiotics 
and other types of drugs and applications.  
Many naturally produced compounds derived from plants, animals, insects and 
microorganisms are considered non-toxic, non-carcinogenic, and biodegradable. Among 
living organisms, microorganisms (actinobacteria, cyanobacteria, myxobacteria, and fungi) 
represent one of the most prolific sources for the production of metabolites exhibiting 
biological activities and chemical characteristics that do not exist in the screening libraries 
of synthetic compounds (Fedorenko et al., 2015). Antimicrobial, toxins, metal-transporting, 
sex hormones, pigments, anticancer, pesticides, immunomodulators, 
immunosuppressants, and cholesterol lowering agents are among the examples of 
secondary metabolites produced by bacteria, which are of interest to different industries, 
such as, pharmaceutical, cosmetic, chemical, nutritional, and agricultural (Gokulan, Khare, 
2 Introduction 
 
& Cerniglia, 2014). Additionally, some natural products are utilized as starting materials in 
processes of synthesis to produce novel semi-synthetic compounds. 
However, new strategies on microbial Secondary Metabolites (SMs) discovery are being 
employed and comprise new developments in genomics, metabolomics, and analytical 
tools that permit the study of more complex systems. Consequently, different approaches 
have been used to assess the vast microbiological world. For instance, to gain a selective 
advantage in their particular habitat and/or microbial community, bacteria and fungi produce 
an assortment of specialized metabolites with diverse biological activities (Masschelein, 
Jenner, & Challis 2017). Some of these metabolites have also been implicated in 
agricultural uses whether by direct control of plant diseases or by biological control, i.e the 
use of organisms that represent a natural enemy against a pest or weed (Gheorghe et al. 
2017a; Mills & Heimpel 2018; D. P. Singh et al. 2018a). 
Agricultural implications of microorganisms in pests control have been widely studied and 
 evidence has demonstrated that microbes can be seen as alternative models to reduce 
agrochemical inputs in the field. Along with the threat of chemical pesticide resistance and 
the interest of the general population in consuming healthier products, global trends points 
towards a future where agrochemicals are completely replaced (D. P. Singh et al. 2018b). 
Despite of the fact that biological control has been practiced for more than 100 years, there 
is little understanding on how the behavior of natural enemies can influence the dynamics 
of biological control, whether a success story or a failure (Mills & Heimpel 2018). What is 
clear now is that in many cases microbial substances play a pivotal role in the performance 
of a biological control agent (BCA).  
 
Colombia, as country whose agriculture plays a vital role in its economy, presents a gross 
domestic product of around 9% becoming from agricultural exploitation.  Due to the high 
potential in food production, Colombia aims to insert in the global market as a large world 
supplier. In this context, avocado fruit holds high demand in the world market not only due 
to its high nutritional value, but also for its role in the cosmetic and pharmaceutical industry 
(Pérez-Jiménez, 2008). Colombia is positioned as the fourth largest avocado producer in 
the world, with roughly 5% of the global avocado production, and holds a great exportation 




Avocado fruits possess a high nutritional value and have been qualified as a heart-healthy 
fruit. Additionally, avocado is recommended as a dietary source of monounsaturated fatty 
acids, proteins, carbohydrates, minerals and vitamins (Hurtado-Fernández, Fernández-
Gutiérrez, & Carrasco-Pancorbo, 2018). Approximately 5 million tons per year are produced 
in several tropical and subtropical areas around the world. Moreover, avocado production 
has duplicated in the last 25 years and its demand continues to increase every year, 
representing today an agricultural product with great exporting potential (Pérez-Jiménez, 
2008). 
 
Despite its potential, avocado crops are threatened by economically important diseases 
that could limit its production and reduce fruit quality. The most relevant diseases in 
avocado are root rot, caused by Phytophthora cinnamomi and anthracnose, caused by 
Colletotrichum spp. (Pérez-Jiménez, 2008; Ramírez Gil et al., 2014; Rookes et al., 2008). 
Although the use of agrochemicals has prevailed to control this type of plant pathogens, 
the problems caused by their indiscriminate use have motivated endeavors in the search 
for new control alternatives. In addition, some of the pesticides used to control postharvest 
diseases are not accepted by the international community or their residual limits are strictly 
monitored, causing rejection of the fruit and economic losses for producers. 
 
There is an increasing demand in consumers for chemical-free and sustainably 
produced food products. If used as part of an integrated management system, biological 
control agents (BCA) may satisfy the above mentioned demands. Recent studies have 
confirmed that the use of pure metabolites, cell free supernatant, and beneficial microbial 
strains associated to avocado cultures (e.g. fruits, leaves, roots, bark and rhizospheric soil) 
are potential alternatives for the control of pathogens that affect avocado crops  (Guardado-
Valdivia et al., 2018; Ocampo-Suarez, López, Calderón-Santoyo, Ragazzo-Sánchez, & 
Knauth, 2016; Ruano-Rosa, Arjona-Girona, & López-Herrera, 2018; Zhang, Mahunu, 
Castoria, Apaliy, & Yang, 2017). Interestingly, BCA against P. cinnamomi root rot of 
avocado have been barely reported (Leal, Castaño, & Bolaños, 2014; Ramírez Gil, 
Castañeda Sánchez, & Morales Osorio, 2014), while other amendment strategies have 
been tested with poor outcomes (Leal et al., 2014; Rodrigues da Silva, Cantuarias-Avilés, 




Although several studies have covered the positive performance of BCA, there is a lack in 
control consistency of this approach under field conditions. It is presumed that different 
environmental conditions across agro-ecological zones with different edaphoclimatic 
conditions, can be the cause of the poor performance of some BCA (Anderson & Kim, 2018; 
Gerbore et al., 2014; Velivelli, De Vos, Kromann, Declerck, & Prestwich, 2014). Moreover, 
lack of consistency is evidenced even in less complex environments like postharvest 
management stages (Demoz & Korsten, 2006). This gap might be fulfilled by microbial 
metabolites. The advantages of this kind of compounds are their generally low toxicity and 
high biodegradability compared to traditional agrochemicals (Duke et al., 2010). However, 
many limitations prevent attaining bioactive substances in significant quantities to make 
them attractive in commercial terms. Therefore, studies covering identification of bioactive 
substances, optimization, and scaling up are required since significant amounts of 
metabolites are required for in vivo assays (Stanbury et al., 2017). 
 
In order to find an efficient biocontrol agent, we hypothesized that healthy avocado plants 
harbor microbes on their tissues that could avoid the thriving of pathogens by producing 
inhibitory secondary metabolites. For this reason, the aims of this study were: 1. To 
establish a native avocado bacteria collection stemming from healthy plants and to screen 
it for selecting outstanding biocontrol bacteria, 2. To determine appropriate fermentation 
conditions for the selected isolate in a stirred tank bioreactor, 3. To evaluate the biological 
activity of the metabolic extract against P. cinnamomi root rot in avocado seedlings and 
postharvest diseases in avocado fruits. 4. To find some of the secondary metabolites 
responsible for the inhibitory activity against P. cinnamomi and C. gloeosporioides, 5. To 
perform yield optimization of the compound in a liquid fermentation medium, and 6. To 








1. Chapter 1: Designing of new agricultural 




The spread of resistant organisms is producing a human health crisis, not only in the 
pharmaceutical industry, but also in agriculture. After exhausting the Actinomycetes golden 
era of antibiotic discovery in the 60s, unsuccessful efforts to replace this source was 
performed by exploiting synthetic compounds. The fact that many microbes possess a 
barrier to prevent penetration of most synthetic compound has posed a serious drawback. 
Conversely to antibiotics in human health, agrichemicals are mainly of synthetic origin. 
However, the global trend on few or none agri-inputs in crops is demanding for new 
methods to produce foods. Therefore, agrichemical industry, as well as pharmaceutical, are 
being turned to the unexplored wealth of microbiological world and taking advantage of the 
new advances in genome techniques to unveil new natural products in order to even the 
balance regarding resistance. 
 
1.1 Introduction 
Feeding a growing global population without increasing cultivated areas or invading virgin 
forests has posed a challenging objective for humanity in the frame of the Sustainable 
Development Goal (SDG) set by the United Nations. SDG involve the promoting of 
sustainable agricultural practices: supporting small-scale farmers and allowing equal 
access to land, technology, and markets. It also calls for international cooperation to make 
sure investment in infrastructure and technology to be made for the improvement of 
agricultural productivity (http://www.undp.org/content/undp/en/home.html). The only manner to 
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achieve food security and shift towards a more resource efficient economy is by creating 
more efficient crop production systems.  
Historically, a myriad of alternatives for solving the humanity issues has relied on the 
exploitation of natural resources including microbial biodiversity. Moreover, continuous 
generation of knowledge about microbial ecology and metabolism has allowed humankind 
to mine these potential sources for their benefit. Antibiotics are one of the greatest 
examples. Since the discovery of penicillin in 1928, a wide range of possibilities opened up 
on the use of microbial diversity to obtain substances for their use in medicine as antibiotics 
and other types of drugs and applications.  
Microbial natural products have been one of the most important sources of new antibiotics 
for the pharmaceutical industry. Global antibiotic consumption increased by 65% between 
2000 and 2015, from 21.1 to 34.8 billion defined daily doses (DDDs) (Klein et al. 2018). The 
antibiotics market generated sales of US$42 billion in 2009 globally, representing 46% of 
sales of anti-infective agents, which also include antiviral drugs and vaccines, and 5% of 
the global pharmaceutical market (Hamad 2010). Moreover, from the 38,000 biologically 
active compounds that have been obtained from microbes, 75% are antibiotics. These are 
mainly produced by actinomycetes (51%), followed by fungi (36%) and other eubacteria 
(13%) (Schofield 2015a). However, the pharmaceutical industry carried out the most 
important discovery programs for natural products decades ago. Major resources on high 
throughput screening have been invested in the search for novel microbial molecules with 
a poor outcome. The disappointing and financially unsustainable outcome has cause 
pharmaceutical companies severely to limit their investments dealing with the discovery 
and development of new antibiotics to treat the increasing prevalence of infections caused 
by multi-drug resistant bacteria (Payne et al. 2006). The responsibility for the discovery 
effort has now bared onto small companies, biotechnology companies and the academy 
(Rolain et al. 2016). 
However, new strategies on microbial Secondary Metabolites (SMs) discovery are being 
employed and comprise new developments in genomics, metabolomics, and analytical 
tools that permit the study of more complex systems. Consequently, different approaches 
have been used to assess the vast microbiological world. For instance, to gain a selective 
advantage in their particular habitat and/or microbial community, bacteria and fungi produce 
an assortment of specialized metabolites with diverse biological activities (Masschelein, 
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Jenner, & Challis 2017). Some of these metabolites have also been implicated in 
agricultural uses whether by direct control of plant diseases or by biological control, i.e., the 
use of organisms that represent a natural enemy against a pest or weed (Gheorghe et al. 
2017; Mills & Heimpel 2018; D. P. Singh et al. 2018a). 
Agricultural implications of microorganisms in pests control have been widely studied. 
Evidence has demonstrated that microbes can be seen as alternative models to reduce 
agrochemical inputs in the field. Along with the threat of chemical pesticide resistance and 
the interest of the general population in consuming healthier products, global trends points 
towards a future were agrochemicals are completely replaced (D. P. Singh et al. 2018b). 
Despite of the fact that biological control has been practiced for more than 100 years, there 
is little understanding on how the behavior of natural enemies can influence the dynamics 
of biological control, whether a success story or a failure (Mills & Heimpel 2018). What is 
clear now is that in many cases microbial substances play a pivotal role in the performance 
of a biological control agent (BCA). Therefore, this review comprises the description of 
microbial SMs, its definition, biosynthesis, sources and discovery, and agricultural 
applications. 
1.2 Microbial Secondary Metabolites 
Historically, microbial SMs played a special part in the fight against infectious diseases as 
antibiotics or commercially available products with other pharmaceutical or agricultural 
applications. SMs, also known as idiolites, have been defined as low-molecular weight 
substances (<3000 Da) that are naturally produced by organisms and very often possess 
chemical structures that are not generalized as it is the case for primary metabolites, i.e., 
amino acids, organic acids, sugars and polysaccharides from which they are produced 
(Bérdy 2005). Some other characteristics distinguish primary metabolites from SMs: they 
are confined to a taxonomic group at the level of genus or species; and their functions in 
the producing organism are not usually considered as essential, but might play a favorable 
part in survival, performance in an environment or niche, etc. Indeed, the functions of SMs 
in the producing organisms are not obvious. A usual hypothesis is that they act as chemical 
defenses for the hosts, but may be potential weapons against other organisms to predate 
them. Secondly, SMs may be agents of symbiosis and agents of metal transport; and 
thirdly, these metabolites may act as sex hormones, plant growth stimulants, and effectors 
of differentiation (Tadych & White 2017). 
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By 2005 the estimates about Natural Products ever reported was around one million with 
only approximately 50,000 showing any kind of bioactivity. The number of bioactive SMs 
derived from microbes was around 22,500 which represents 45% of the total bioactive SMs 
(Bérdy 2005). What is more, about 35% of drugs approved by the FDA/EMA are estimated 
to be either natural products or their derivatives (Newman 2016), most of them from 
microbes (Baral, Akhgari, & Metsä-Ketelä 2018). This is a clear fact of the potential of 
microbes on useful SMs biosynthesis. 
An important feature of secondary metabolism is that its expression is often brought on by 
exhaustion of a nutrient, a source of stress, or addition of an inducer and/or by a decrease 
in growth rate. Thus, the onset of SMs production in microbes typically occurs during the 
early stationary phase, and involves complex metabolic changes within the organism 
(Nieselt et al. 2010). From then on, a cascade of signals and regulatory events result in 
biochemical synthesis (secondary metabolism) and morphological differentiation 
(morphogenesis) of the microbial secondary metabolite producers. Carbon source has 
demonstrated the biggest influence on secondary metabolism and has been the subject of 
continuous study for both, industry and research groups, due to the capacity of repress or 
overexpress a biosynthetic pathway (Ruiz et al. 2010). 
On the other hand, not always SMs are produced with the purpose of intermicrobial 
competition. It has been unveiled functions in cell-to-cell or species-to-species 
communication for some SMs. At low concentrations, secondary metabolites present in the 
environment may act as chemical signals to modulate metabolic processes in microbes by 
stimulating or depressing gene expression and thereby influencing population structure and 
dynamics (Marinelli 2009). This concept has been coined as Hormesis, which is generally 
used to describe biological responses to environmental signals or stresses that are 
characterized by biphasic dose-response relationships. At low-dose, several stimuli are 
generated including cell multiplication and a large number of transcripts modulated. Once 
a threshold is overcome (high-dose), inhibition processes are observed (Davies, 
Spiegelman, & Yim 2006).  
Bacteria and fungi as Secondary Metabolites producers 
In the microbial world, the frequent inhibitory activity of SMs bring us to mind almost 
immediately applications as antibiotics. Soil-dwelling Streptomyces bacteria, belonging to 
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Actinomycetes, are particularly prolific on SMs production with 7600 compounds identified 
until 2005 and an estimated capability to produce 100,000 chemically distinct antimicrobial 
agents according to computational predictions (Bérdy 2005; Watve et al. 2001). 
Conclusively, most of the known antibiotics are produced by differentiating bacteria such 
as Actinomycetes, which have a nonmotile, saprophytic life-style and inhabit in a complex 
habitat such as terrestrial soil, where intermicrobial competition is constant and fierce 
(Marinelli 2009). Nonetheless, other groups of bacteria such as Myxobacteria, and the 
genus Bacillus and Pseudomonas have been extensively studied in regard of SMs 
biosynthesis. Additionally, the genus Burkholderia, Clostridium, Lysobacter, among others 
have been considered a promising, though neglected, SMs sources (Pidot et al. 2014). 
Bacteria, with a higher predilection for Gram-positive ones, are outstanding SMs producers. 
However, as mentioned above, fungi are microbes very prone to undergo morphologically 
differentiations and capable of living a saprophytic life-style in complex niches, including 
plant tissues. This is the case of endophytic fungi that have called the attention regarding 
SMs production, due to their capacity to colonize plant tissues through a delicate balanced 
mutualistic association (Tran et al. 2007). In fact, Schulz et al. (2002) demonstrated that 
the proportion of novel structures discovered in fungal endophytic isolates (51%) was 
considerably higher than that produced by soil isolates (38%) (Schulz et al. 2002). Among 
the fungal genera, endophytic fungi from Acremonium, Chaetomium, Colletotrichum, 
Fusarium, Pestalotiopsis, Phoma, and Phomopsis are known to produce bioactive 
compounds of medical importance (Tadych & White 2017). 
1.3 Biosynthesis and Structural diversity of microbial 
SMs 
Microorganisms are one of the richest resources of biologically active substances and 
secondary metabolites with diverse and novel structures and, consequently, potential 
activities. Synthetic compounds show high efficacies towards their molecular targets. 
However, it has become apparent that these compounds have difficulties in reaching their 
target site in vivo and in penetrating cell membranes of target pathogens (Lewis 2013). In 
this perspective, an estimated of about 4 million compounds were synthesized by 
combinatorial chemistry approaches in the pharmacological industry; however, only 
0.001% became accepted drugs. In contrast, in the case of microbes, this rate has been 
estimated in between 0.2 and 0.3% and most of these compounds were successfully used 
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as lead compounds for new derivatives and drugs (Bérdy 2005). Therefore, it seems that 
microbial SMs gain more and more importance, since there is an elusive 99% of 
environmental microbes that are un-culturable under standard laboratory conditions and 
therefore, mostly unknown (Baral et al. 2018). 
To unveil the whole potential of microbial SMs, great efforts were performed on elucidating 
their biosynthetic pathways to understand not only the mechanistic of biosynthesis, but also 
its regulation, transport and resistance of the producing strain. Essentially, genes 
responsible for the production of each SM are typically grouped together in the genome into 
often quite large and complex biosynthetic gene clusters (BGCs) (Scherlach & Hertweck 
2009). Nowadays, approaches based on genome mapping have facilitated the identification 
of BGCs which are responsible for all of the above mentioned functions regarding SMs 
(Abdel-Hameed et al. 2016; Arndt et al. 2015; Z. Wu et al. 2017). In other words, BGCs are 
sets of genes physically clustered that encode the biosynthetic enzymes for a natural 
product pathway (Cimermancic et al. 2014). 
The main classes of microbial natural products are produced by non-ribosomal peptide 
synthetases (NRPS), ribosomally synthesized peptides and post-translationally modified 
(RiPP), polyketide synthases (PKS),and terpene pathways (Baral et al. 2018). It is worth 
noting that, an in silico analysis based on the AntiSMASH database of 30 different whole-
genome sequences of soil bacteria showed the potentially most abundant secondary 
metabolite categories, where bacteriocins, NRPS, terpene and PKS lead with 
approximately 24, 23, 17 and 8%, respectively (Tyc et al. 2017). Other pharmaceutically 
important bioactive microbial SMs such as β-lactams and aminoglycosides are produced 
through different pathways involving BGCs that do not fall into the categories described 
above and will not be discussed here. 
Nonribosomal peptides 
The synthesis of nonribosomal peptides (NRPs) is performed by a large molecular 
machinery referred to as nonribosomal peptide synthetases (NRPSs). NRPSs possess 
modularly organized enzymes, with one enzyme module per chain extension of one amino 
acid. The biosynthesis proceeds via a thiotemplate process, with the growing peptide chain 
bound to a phosphopantetheinylated peptidyl carrier protein (PCP) during chain assembly. 
Each chain extension requires the activity of an adenylation (A) domain for selection, 
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activation, and uploading of an amino acid, and of a condensation (C) domain for the 
formation of the peptide bond (Strieker, Tanović, & Marahiel 2010). Optional domains can 
catalyze oxidative modifications or epimerisations. A final stage comprises the product 
release, performed by a terminal thioesterase (TE) domain to yield a free acid or a cyclized 
product. The end products could be linear, branched, or cyclic and often are further 
acylated, glycosylated, or converted into heterocyclic rings (Sanchez & Demain 2011). 
NRPSs are not limited to the 20 essential amino acids that constitute proteins. They 
catalyze the formation of a large number of peptide natural products from over 300 different 
amino, fatty acids, and α-hydroxy acids as building blocks (Caboche et al. 2008).   
 
NRPs are produced either by bacteria or fungi. Unlike ribosomal peptides, NRPs are 
independent of messenger RNA. Each nonribosomal peptide synthetase can typically 
synthesize only one type of peptide, although the synthesis of most nonribosomal peptides 
requires more than one nonribosomal peptide synthetase. NRPs are a diverse family of 
compounds with a broad range of biological activities and pharmacological properties 
(Strieker et al. 2010). Two important classes of secondary metabolites made by NRPSs 
include siderophores (iron-chelating compounds) and lipopeptides (compounds with a lipid 
tail and linear or cyclic oligopeptide) (Tyc et al. 2017). 
To illustrate, malleobactins (Fig. 1-1) are strong iron-binding compound produced by 
Burkholderia mallei, B. pseudomallei and B. thailandensis through multimodular NRPS. 
This kind of siderophores has been associated with virulence to the host, whether plant, 
animal or fungi (Franke, Ishida, & Hertweck 2015).  On the other hand, daptomycin (known 
as Cubicin for injection), a cyclic lipopeptide derived from the fermentation of Streptomyces 
roseosporus, has in vitro spectrum of activity against Gram-positive aerobic organisms, 
such as Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium. The 
mode of action of this compound is striking, due to its capacity to bind to bacterial 
membranes and cause a rapid depolarization of membrane potential. The consequent 
inhibition of protein, DNA, and RNA synthesis results in bacterial cell death. Despite of 
belonging to lipopeptide metabolites, daptomycin (Fig. 1-1) is endowed with certain 
specificity and does not penetrate the outer membrane of gram-negative bacteria (Chan-
Tompkins & Harnicar 2008).  
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Ribosomally synthesized and posttranslational modified peptides 
Ribosomally synthesized and posttranslational modified peptides (RiPPs) are complex 
structures, enriched with elaborated chemical scaffolds that make them an astounding array 
of compounds, with a myriad of biological activities (Sardar & Schmidt 2016). The 
ribosomally peptide synthesis (RiPS) pathway was first discovered for nisin and subtilin in 
1988. Since then, several RiPS pathways have been discovered in bacteria, plants, and 
fungi; especially in the first decade of the 21st century (Umemura et al. 2014).  
 
RiPPs are initially synthesized as longer precursor peptides (20-110 residues) which are 
encoded by a structural gene. The precursor peptide possesses a core region and two 
flanking regions: the leader or sometimes follower peptide. The core region is modified by 
several enzymatic processes regulated by leader or follower peptide which plays multiple 
roles in posttranslational modifications, export and immunity (heterocyclization, oxidation, 
or prenylation of amino acids). Finally, the leader/follower peptides are removed through 
one or multiple cleavage steps (Arnison et al. 2013).   
 
Interestingly, several compounds that were isolated for the first time from a plant or animal 
were lately found to be produced by microbes via RiPS. A myriad of examples originate in 
RiPPs from marine animals. For instance, alkaloids bearing a pyrrolo[4,3,2-de]quinoline 
core exhibit a potent biological activity and unique structural features. Most of these 
molecules have been isolated from marine sponges, but genes for pyrroloquinoline 
biosynthesis have not been identified. Jordan et al. (2016) showed that pyrroloquinoline 
alkaloids (e.g. ammosamides, Fig. 1-1) are derived from marine bacteria in a highly non-
canonical biosynthetic pathway that more closely resembles the genetic features of RiPPs 
(Jordan & Moore 2016).  Furthermore, there is a family of ribosomally 
synthesized peptides produced by cyanobacteria living symbiotically with marine animals 
coined as cyanobactins (e.g. tenuecyclamide C, Fig. 1-1) (Schmidt & Donia 2009). Another, 
noteworthy example is ustiloxin B (Fig. 1-1), a cyclic peptide which biosynthesis was 
thought to be performed by NRPS. However, an experimental validation of the cluster 
demonstrated that ustiloxin B was produced by a RiPS pathway. Ustiloxin B is the first 
compound produced via RiPS ever reported in Ascomycetes fungi (Umemura et al. 2014). 
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Polyketides  
Polyketides are polymers of acetate substituted at the C-2 position, with varying oxidation 
states at C-1 and C-2. The enzymatic systems responsible for polyketide assembly are 
multidomain enzymes or enzyme complexes referred to as polyketide synthases (PKSs) 
and can be grouped into three different classes based on their biochemical mechanisms 
and enzyme architecture. In general, the mechanism of polyketide biosynthesis shares 
similar traits with that of fatty acid biosynthesis. However, PKSs permit a wider span of 
building blocks and (reductive) modifications during chain extensions. The results are 
variable: from simple, usually unbranched to fully reduced, alkyl chains, but highly 
functionalized molecules (Tyc et al. 2017). 
Similar to NRPs, polyketide biosynthesis is also a thiotemplate-based process in which the 
growing acyl chain is bound to an acyl carrier protein (ACP). Acyl transferase (AT) domains 
select the starter and elongation units and upload them to the ACPs. The next steps 
comprise various chain extension process catalyzed by the ketosynthase (KS). The 
extension unit and the so far assembled acyl chain carry out a condensation reaction. 
Additionally, ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) domains are 
required for optional reductive modifications. Finally, the terminal TE domain is responsible 
for product release, usually under formation of a free acid or lactone (Staunton & Weissman 
2001). 
 
Three major types of PKSs have been detected, namely: Type I, type II and type III PKSs. 
Type I PKSs, the most widespread PKS type in bacteria, consist of large, multidomain 
proteins that produce polyketides with one module (set of domains) per successive 
condensation reaction (modular PKSs); nevertheless, iterative usage of one and the same 
set of domains is often observed in polyketide chain assembly (Zhang et al. 2018). A typical 
example for type I PKSs is the antifungal amphotericin B, a highly effective agent in the 
management of serious systemic fungal infections, though its administration is limited due 
to side effects (Fig. 1-1) (Laniado-Laborin & Cabrales-Vargas 2009). 
 
Type II PKSs are composed of individual enzymes and are usually involved in the formation 
of aromatic polyketides. Type II PKSs possess a minimal set of the iteratively necessary 
enzymes (i.e., two ketosynthases and an acyl carrier protein) (Hertweck et al. 2007). 
Tetracycline antibiotics are the most representative members of the products synthesized 
14     Metabolitos secundarios microbianos como alternativa de control frente a 
fitopatógenos del aguacate (Persea americana Mill.) 
 
by the type II PKS biosynthesis pathways (Fig. 1-1). Type III PKSs are involved in the 
synthesis of polyhydroxy phenols in bacteria (Tyc et al. 2017). Moreover, type III PKSs were 
regarded as typical for plant secondary metabolism before they were found in 
microorganisms. Genomic analysis revealed that the plant enzymes involved in type III 



















Figure 1-1. Chemical structures of SMs belonging to NRPS, RiPS, PKS pathways. NRPS 
pathway: daptomycin, malleobactin E. RiPS pathway: cyanobactin, ustiloxin, ammosamides. PKS 
pathway: tetracyclin, amphotericin B. 
Polyketides are the most abundant fungal SMs group. The most commonly producer 
genera are Penicillium, Fusarium, and Alternaria (Daley, Brown, & Badal 2016). Bacteria 
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are also frequently polyketides producers, especially Actinobacteria, Pseudomonas, 
Myxococcus, Bacillus, and Burkholderia (Tyc et al. 2017). 
PKS–NRPS Hybrid Compounds 
Hybrid PK-NRP SMs are composed of a mixture of both amino acids and short-chain 
carboxylic acids. As probably expected, assembly of PK-NRP comprise the biosynthetic 
machinery of both PKs biosynthesis and NRPs biosynthesis. Although the hybrid PK-NRPs 
has been known for many years, Shen et al. (1999) were the first to propose the idea that 
the bleomycins, a family of natural products that possess potent anticancer activity, might 
be constructed by a hybrid megasynthase that contains catalytic components of both NRPS 
and PKS biosynthetic machinery. The above was confirmed by sequencing and cloning of 
the bleomycin biosynthetic gene cluster (Rath et al. 2010). Ever since, many hybrid PK-
NRP biosynthetic pathways have been identified (Silakowski, Kunze, & Muller 2001; Wang 
et al. 2014). It is clear that these hybrid PKS-NRPS gen clusters can provide more diversity 
for potential secondary metabolites produced by microorganisms. Hybrid PKS-NRPS 
metabolites have been isolated from numerous Gram-positive and Gram-negative soil 
bacteria. Some worth noting examples are rhizoxin (Fig. 1-2), produced by Burkholderia 
rhizoxinica holding a symbiosis with a pathogenic fungus (Rhizopus microsporus) (Partida-
Martinez and Hertweck 2007), and mycosubtilin (Fig. 1-2) from Bacillus subtilis that is a 
suggested potent therapeutic antifungal agent against Candida spp. (Fickers et al. 2009)  
Terpene metabolites 
Terpenes are made up of C5 unit substrates isopentenyl diphosphate (IPP) and 
dimethylallyl diphosphate (DMAPP). IPP and DMAPP function as building blocks for 
precursors with a variable number of carbon atoms (C10: geranyl diphosphate, C15: farnesyl 
diphosphate, or C20: geranylgeranyl diphosphate, and further condensations of these units) 
(Oldfield & Lin 2012). Accordingly, terpenes are classified agreeing to the number of 
isoprene units they contain into hemiterpenes (C5), monoterpenes (C10), sesquiterpenes 
(C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30), and tetraterpenes (C40) 
(Bian, Deng, & Liu 2017). From the structural point of view, enzymes involved in terpene 
biosynthetic pathway can generate linear or cyclic format, saturations, redox reactions, 
alkylation, decarboxylation, glycosylation, rearrangements and many other modifications to 
give diversity in this group (Daley et al. 2016).  
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Terpenes in fungi are usually synthesized through the mevalonic acid pathway, which 
produces DMPP from acetyl CoA. On the other hand, methylerythritol pathway are 
preferred by bacteria. In this case, DMPP is produced from an initial condensation of D-
glyceraldehyde 3-phosphate and pyruvate (Zhao et al. 2013). Carotenoids and gibberellins 
are two of the most interesting compounds from this category (astaxanthin (Fig. 1-2) and 
















Figure 1-2. Chemical structures of SMs belonging to hybrid PKS-NRPS and terpene pathways, and 
molecules isolated from unconventional sources. 
 
Microbial volatile compounds 
 
An especial category, not deeply discussed herein, is the microbial volatile compounds 
(MVCs). A vast number of MVCs usually belongs to the terpene category, but diverse 
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chemical classes such as alkanes, alkenes, alcohols, esters, ketones, sulfur-containing 
compounds and a range of small inorganic compounds are included (Schulz & Dickschat 
2007). In a broader context, MVCs are small molecules with low molecular weight and high 
vapor pressure. These physicochemical properties enable MVCs to diffuse more easily, 
allowing dispersal over longer distances than other microbial metabolites (Avalos et al. 
2018). 
Bacteria and fungi release a plethora of organic volatiles and play important ecological roles 
in intra-kingdom and inter-kingdom interactions. A varied range of activities reported for 
MVCs include growth modulation, microbe motility, virulence modulation and biofilm 
formation as well as production of specialized metabolites (e.g., toxins), antibiotic 
resistance (Groenhagen et al. 2013) and spore germination in competing microorganisms 
(i.e., bacteria, fungi) (Avalos et al. 2018). Bacterial volatiles can also function as 
infochemicals for inter- and intraorganismic communication, cell-to-cell communication 
signals, a possible carbon release valve, or growth-promoting or inhibiting agents (Kai et 
al. 2009).  
 
1.4 Strategies for obtaining bioactive and new microbial 
SMs  
SMs have interesting applications on industry. Therefore, it is important to find appropriate 
sources using adequate approaches. After the serendipitous discovery of penicillin, the first 
and successful platform developed by Waksman allowed the detection and elucidation of 
tens of thousands of compounds, especially from Actinomycetes (Lewis 2017). Since then, 
high through-put screening (HTS) platforms, combinatorial chemistry, rational drug design 
and genomic approaches have been used to find new and useful SMs. 
Many authors agree that a biological approach is our best prospect for resolving the 
enormous bottleneck of known compounds. However, a key question could be how many 
producing strains to test. Baltz (2011) estimated that 107 strains would need to be examined 
for successfully discover the next novel class of useful antibiotics (Baltz 2011). Lewis (2013) 
states that platforms combining different approaches is the appropriate strategy (Lewis 
2013). 
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The application and success of a HTS platform depends on the application of suitable, 
sensitive, highly specific and effective high-throughput (automated, miniaturized) assay 
method. Using automatic techniques it is possible to test a huge number of samples in a 
very short time. Nevertheless, two more challenging steps should be overcome: 1. the 
management of data generated, and 2. identification and dereplication of the candidates. 
In order to address these issues, an integrated bioinformatics system to help for rapid 
selection of hits for candidate compounds and integration of chemical fingerprinting 
(identification, correct dereplication) are highly required (Bérdy 2005). 
A vast mass of literature reports has considered the activation of gene clusters as a 
potential tool to facilitate the discovery of new natural products. Baral et al. (2018) broadly 
classified the methods developed for the activation of silent or poorly expressed cryptic 
gene clusters into three major categories (Baral et al. 2018). In one group, there are 
methodologies that aim to modify the whole metabolome of the target strain and generate 
a pleiotropic effect to activate randomly any pathway residing in the strain. These methods 
are generally technically simple and are therefore suitable for scaling up to high-throughput 
systems. Pleiotropic approaches comprise: ribosome engineering, chromatin remodeling, 
global regulatory genes, phosphopantetheinyl transferases, and One Strain Many 
Compounds (OSMAC) approach. The second category focuses on desired pathways but 
is technically challenging and suffer from low throughput. Amongst this category, one can 
find: cluster-situated regulators, heterologous expression, refactoring, and promoter 
exchange. Finally, the third group of techniques gathers the benefits of both of the 
approaches mentioned above, usually by combining pleiotropic activation methods with 
gene cluster specific reporter systems. Reporter-guided mutant selection and high-
throughput elicitor screening approaches fall into this category. Despite the possibilities 
offered to researchers by these methodologies, no single superior method for activation of 
biosynthetic pathways has been presented to date (Baral et al. 2018) 
OSMAC approach 
This approach is a random, comprehensive and relatively simple method that allows 
activation of diverse-metabolic pathways in microbes by a number of altered cultivation 
parameters e.g., media composition, aeration rate, type of culturing vessel or a combination 
of these factors, and even less conventional factors such as light, temperature, and elicitors 
(Bode et al. 2002). Even subtle changes have demonstrated to generate dramatic changes 
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in the SMs produced (Scherlach & Hertweck 2009). Trace elements in tap water 
(Paranagama, Wijeratne, & Gunatilaka 2007) or broad changes in the span of nutrients 
could help detect “outliers” in the metabolic profile that may lead to new compounds and 
possible candidates for industrial applications (Liu et al. 2017). 
OSMAC experiments are intended to mimic stressful or natural growth conditions found in 
different environments to trigger the onset of secondary metabolism (Kyekyeku et al. 2017). 
Unfortunately, these techniques generally are not always able to target the most interesting 
gene clusters for activation. Moreover, metabolite rediscovery issues are common 
disappointing outcomes at the end of the experimental performance (Baral et al. 2018). 
Genome mining approach 
Microbial genome sequencing has revealed a much greater capacity for microbes 
to biosynthesize several types of compounds, including SMs (Choi et al. 2015; Gao et al. 
2018; Kaweewan et al. 2018). It is frequent to find encoded (so-called orphaned gene 
clusters) with the latent capacity for a chemical product that has not been identified (Jordan 
& Moore 2016). In the absence of chemical information, it is possible to grossly predict 
structural information of the compounds from BGCs,  especially for the most well-
characterized biosynthetic pathways, such as PKSs, and NRPSs (Machado, Tuttle, & 
Jensen 2017). Through the genome mining revolution, deciphering the biosynthetic logic of 
non-canonical biosynthetic pathways might not only yield novel natural products and 
biochemistry, but also “inform” the bioinformatic tools of future genome mining endeavors 
(Aleti, Sessitsch, & Brader 2015; Behnken & Hertweck 2012).  
In this context, silent operons of producing microorganisms represent another untapped 
source of antimicrobials compounds. For instance, it has been found an average of five 
BGCs per genome for SMs production. Moreover, some strains encode up to 23 BGCs with 
no related product found in most of the cases (Shih et al. 2013). Aleti et al. (2015) analyzed 
a total of 160 published genomes from Bacillales, where 91 of which contained metabolic 
clusters encoding lipopeptides, type I PKs or both (57%). Intriguingly, a clear higher 
percentage, 85% of the 40 endophyte and rhizosphere microbe isolates contained at least 
one of these metabolic clusters according to genome mining analysis (Aleti et al. 2015). 
Choi et al. (2015) also analyzed the genome mining approach in the well characterized 
genus Streptomyces. Despite thousands of SMs that have been isolated from these 
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microbes, there is a bigger number of potential compounds to be found due to the significant 
number of BGCs turned out silent or cryptic (Choi et al. 2015). The large-scale induction of 
silent operons for antibiotic production remains a considerable challenge, but could provide 
a new platform for antibiotic discovery if it can be successfully achieved (Lewis 2013).  
Unconventional environments and biotic interactions for microbial SMs 
discovery 
Diverse or “rare” environments have rendered an interesting source of SMs. In fact, 
chemical diversity of natural products correlates with the diversity of source 
microorganisms. This is probably due to the evolution of organism-specific biosynthetic 
machineries selected on the basis of the adaptation of the microbe to the habitat, where 
beneficial secondary metabolites play an important part. In this respect, anaerobic 
environments like soils, wastewaters, or intestines of higher organisms are extremely 
diverse, and anaerobic bacteria are ubiquitously in these interesting niches. Nevertheless, 
there has been an unwritten dogma among natural product researchers that anaerobes do 
not produce secondary metabolites (Behnken & Hertweck 2012). 
 
Anaerobes are the oldest organisms on earth. Despite their common catabolic potential for 
degrading organic matter, no secondary metabolites were isolated from any strict anaerobic 
bacteria until Hertweck´s group obtained closthioamide from Clostridium cellulolyticum 
(Lincke et al. 2010). After detecting a BGC by genome mining analysis in several 
Clostridium spp., they sought to induce biosynthesis of the compounds by administering 
decay grass compost to a Clostridium cellulolyticum strain. HPLC profiles showed new 
peaks at 270 nm that were not components of the added supplement. The major metabolite 
detected was closthioamide (Fig. 1-2). Since then, other compounds were isolated from 
anaerobic bacteria. Shabuer et al. (2015) found out that clostrubins (Fig. 1-2), produced by 
C. beijerinckii and C. puniceum, had a dual function as a potent antibiotic activity against 
plant pathogens and as enabling bacteria to survive oxygen-rich plant environments (S. 
Pidot et al. 2014; Shabuer et al. 2015). 
Strategies for discovery of other potential natural antimicrobials might be the exploitation of 
ecological compartments and taxonomic groups besides the well-known microbes. Based 
on metagenomic analyses of soil and marine samples, 99% of all microbial species on the 
planet are uncultured. Indeed, uncultured microbes have been considered the most 
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promising untapped source of secondary metabolites (Hutter et al. 2004; Scherlach & 
Hertweck 2009). Therefore, metagenomic approaches are obligate tools to access the 
enormous hidden potential of these unknown microorganisms (Lewis 2013). Nevertheless, 
as a direct result of interactions with other microorganisms, specialized metabolites are 
produced by microbes in their immediate vicinity. Research focusing on biotic interactions 
such as mutualism or interspecific competition has attracted attention in the last few years 
(Klassen 2014; Singh et al. 2019; Tyc et al. 2017).  
 
Many reports confirm that most secondary metabolite gene clusters in microorganisms are 
silent under laboratory growth conditions (Abdalla, Sulieman, & McGaw 2017). In niches 
such as soil  and the rhizosphere, microbial communities are involved in complex and 
intimate interactions which have the potential to significantly affect the production of 
secondary metabolites (Garbeva & de Boer 2009). Moreover, it is possible to find in nature 
several examples of mutualistic relationships that have coevolved whereby the 
microorganisms are actively cultured in exchange for producing bioactive small molecules. 
Recent investigations have revealed that hosts have harnessed the chemical potential of 
microorganisms to mediate lifestyle transitions, alter gene transcription, and combat 
pathogens and competitors (O’Brien & Wright 2011). 
 
An interesting study by Tyc et al. (2014) revealed that 146 phylogenetically diverse soil 
bacteria showed to have a major impact on antimicrobial compound production in 
interspecific interactions with pathogenic microbes, both by inducing and suppressing 
antimicrobial compound production. From all screened isolates, 33% showed antimicrobial 
activity in mono-culture, while 42% showed activity only during interaction with other 
species (Tyc et al. 2014). This demonstrates promising methods to access novel or 
encrypted BGCs as a basis for SMs discovery. 
1.5 Applications of microbial secondary metabolites in 
agriculture  
Similarly as with antibiotics resistance in human pathogens, pesticides in agricultural 
production are narrowing their spectrum, due to their overuse. Additional to the rising threat 
of pesticide resistance, public distaste for pesticides and expansion of organic agriculture 
have been proposed as factors favoring the application of alternative management 
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practices such as biological control (Fravel 2005; Gheorghe et al. 2017; Strobel et al. 2004; 
Warner & Getz 2008). The global biopesticide market is expected to reach $6.60 billion by 
2020 at a compound annual growth rate of 18.8% for the period from 2015 to 2020  (Singh 
et al. 2017). However, synthetic chemical pesticides are by far the main and mostly used 
strategy for the control of crop plagues and diseases nowadays (Henningsen 2003; Rey 
and Dumas 2017). Moreover, farmers are largely dependent upon the application of 
chemical fertilizers for plant nutrition, despite of the fact that the uptake of the applied 
products of the plants are around 35%, whereas the rest of this materials pollute the 
environment (Li et al. 2018). In these regard, microbes offers an attractive alternative to 
complement crop management as biopesticides (living organisms and the compounds 
naturally produced by these organisms) or as biofertilizers, that could be safer, more 
biodegradable, and less expensive to develop (Fravel 2005; Gheorghe et al. 2017; Kumar 




The general mechanisms of biocontrol agents (BCAs) comprise inhibition of growth and 
severity potential of pathogenic organism via niche exclusion, competition for nutrients, 
production of cell wall degrading enzymes, bioactive SMs and by induction of induced 
systemic resistance in the host plant. Nevertheless, a consistent performance of BCAs has 
been a major source of concern, since many variables influence the reproducibility in the 
complex interactions between the plant species in field, other microbes, and the 
environment (soil fertility and moisture, day length, light intensity, length of growing season, 
and temperature) (Gheorghe et al. 2017; Tyc et al. 2017). In spite of variables and the many 
different ways a BCA can exert its function, SMs production have demonstrated to have a 
crucial role in plant protection (Calderon, de Vicente, & Cazorla 2014; Kai et al. 2009; 
Swain, Paidesetty, & Padhy 2017). 
 
For instance, Pseudomonas chlororaphis has been widely evaluated as a soil inoculant in 
crop protection (González-Sánchez et al. 2013; Huang et al. 2018). Calderon et al. (2014) 
demonstrated the role of the metabolite 2-hexyl, 5-propyl resorcinol (HPR) (Fig. 1-3) on the 
capacity of P. chlororaphis to control R. necatrix infections in avocado roots. Mutants with 
impaired ability to produce HPR did not stop the pathogen colonization. Additionally, HPR 
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showed to be key for P. chlororaphis not only to avoid R. necatrix infections in avocado 
roots, but also to colonize them (Calderon et al. 2014). 
 
Furthermore, pyrrolnitrin (Fig. 1-3), a SM produced by several Pseudomonas spp. but first 
isolated from Pseudomonas pyrrocinia, proved to play an important role in the performance 
of P. chlororaphis strains as a BCA (Huang et al. 2018). Likewise, Ligon et al. (2000) 
demonstrated a major role of pyrrolnitrin in the overall biocontrol activity of P. fluorescens 
by using overproducing mutants at different levels. Not only the strains which overproduce 
pyrrolnitrin were significantly more active than the wild‐ type strain in biocontrol, but also 
biocontrol activity was directly correlated with pyrrolnitrin levels (Ligon et al. 2000). Indeed, 
pyrrolnitrin is a notable example of a successful SM that led for the development of the 
commercial fungicide derivatives phenylpyrroles. Fludioxonil (Fig. 1-3), the commercial 
derivative of pyrrolnitrin, was synthesized to increase photostability. Fludioxonil in a non-
systemic commercial  fungicide and is nowadays used for seed or foliar treatment with 
nearly no resistance reports (Kilani & Fillinger 2016). 
Table 1-1. Microbial SMs involved in crop protection and other agricultural applications. 










Avocado (Calderon et al. 2014) 
Pyrrolnitrin Pseudomonas spp. Fungicidal Cereal crops 
(Huang et al. 2018; 
Ligon et al. 2000),  
Pyoluteorin and 2,4-
diacetylphloroglucinol 
P. fluorescens Pf-5 Fungicidal, oomycide Several crops (Kidarsa et al. 2011) 
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Fungicide Potato (Agbessi et al. 2003) 
Polyoxins S. cacaoi var. asoensis Fungicidal Several crops 
(Isono 1995; Reuveni 
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Mycosubtilin B. subtilis BBG100 Oomycide Tomato (Leclère et al. 2005) 
Lipopetides B. subtilis UMAF8561 Fungicide Melon (Romero et al. 2007) 




(Ongena et al. 2005) 






(Park et al. 2005) 
VOCs 




(Mercier & Jiménez 
2004) 











(Adetunji, Oloke, & 
Osemwegie 2018) 
     
 
A recent review by Anderson & Kim (2018) addresses the role of the metabolites produced 
by Pseudomonas chlororaphis isolates, as well as the cells, in plant protection against 
pathogens. Metabolites like phenazines, pyrrolnitrin, siderophores, dialkyl resorcinols, and 
volatiles have been highlighted as important bioactive components for P. chlororaphis 
performance. The authors suggest that formulates of P. chlororaphis along with its 
metabolites might be promising new biopesticides for crop protection, with high 
compatibility in sustainable agriculture. Interestingly, at least ten commercial formulations 
of P. chlororaphis are registered and being trade in the USA, Europe and South Korea 
(Anderson & Kim 2018).  
 
Actinobacteria are highly recognized as producers of several plant growth-promoting 
substances and plant diseases suppressors by secreting various types of SMs and hence 
are primarily considered candidates in sustainable agriculture (Nawani et al. 2013; 
Subramanian, Muniraj, & Uthandi 2016). Most of these compounds are produced by various 
species of the genus Streptomyces. About 60% of the insecticides and herbicides reported 
by 1993 were originated from Streptomyces (Jayaprakashvel & Mathivanan 2011). As soil-
dwelling microbes, actinobacteria count on specialized metabolic arsenal to compete 
against other microbes. These characteristics make them suitable as BCAs. For example, 
Streptomyces melanosporofaciens EF-76 was characterized for its biocontrol capacity in 
potato scab disease. Geldanamycin (Fig. 1-3) was to be involved in the biocontrol activity, 
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since the fusant deficient in geldanamycin production lost the capacity to protect potato 
against common scab (Agbessi et al. 2003). 
 
At least eleven commercial products containing Streptomyces metabolites have been 
approved in eight countries from all continents, demonstrating that the use of Streptomyces 
metabolites in agriculture can comply with regulatory processes worldwide (Palaniyandi et 
al. 2013; Rey & Dumas 2017). For instance, polyoxins are powerful inhibitors of chitin 
synthesis in fungi and have been used as successful practical fungicides in Japan and other 
countries. These compounds were reported in 1965 from S. cacaoi var. asoensis as the 
producing strain. Polyoxin A and B (Fig. 1-3) represent the majority of the produced 


























Figure 1-3. Chemical structures of microbial SMs with application in agriculture. 
Other remarkable examples of SMs from Actinomycetes that are marketed products are 
avermectins and spinosins. Avermectins are compounds with broad spectrum against 
nematodes and arthropods, with very low toxicity against non-target organisms (MacNeil 
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1995). Regarding spinosins, they are produced by Saccharopolyspora spinosa and were 
discovered in the early 1980s. The major congeners are spinosyns A and D (Fig. 1-3). 
Spinosyns were found to be extremely effective against lepidoptera insects, which are 
major agronomic pests in a myriad of crops. Additionally, these compounds showed 
desirable important characteristics necessary for effective pest control, such as 
environmental compatibility, speed of action, and low mammalian toxicity (Crouse et al. 
1999). Spinosad (the mixture between spinosyns A and D) is approved for use as an 
organic insecticide under the name EntrustTM (Dow AgroSciences/Mycogen), among others 
(Dayan, Cantrell, & Duke 2009). 
 
Bacteria classified in the genus Bacillus are widely known and promising candidates for 
biocontrol of phytopathogens. Bacillus spp. produce biosurfactants and  lipopeptides such 
as surfactins, iturins and fengycins, with surfactins exhibiting mainly bactericidal activity and 
iturin and fengycin, fungicidal activity, the latter specifically targeting filamentous fungi 
(Ongena & Jacques 2008). A B. subtilis overexpressing strain with altered mycosubtilin 
(Fig. 1-2) promoter operon increased 15-fold mycosubtilin productions and significantly 
protected tomato seedlings against Pythium damping-off compared to the wild-type strain 
(Leclère et al. 2005). Similar results were found in mildew caused by Podosphaera fusca 
in melon. Antibiosis through lipopeptides pointed out to be a major factor involved in the 
biocontrol ability of the strain (Romero et al. 2007). Moreover, B. subtilis strain M4 showed 
a direct antagonism against postharvest disease in apples caused by Botrytis cinerea. This 
role was demonstrated by the effective disease control provided by treatment of fruits with 
lipopeptide-enriched extracts and by in situ detection of fengycins in inhibitory amounts 
(Ongena et al. 2005). 
The non-specific mode of action of the lipopeptides (cell lysis) suggests that this type of 
molecules will be effective against a wide spectrum of phytopathogens, including those 
which have developed resistance to specific groups of molecules (Pretorius, van Rooyen, 
& Clarke 2015). In B. subtilis, lipopeptides have demonstrated a role as inhibitors of 
competitors and also in root colonization. Similarly, surfactin levels have shown to be 
necessary and sufficient for B. subtilis to colonize and protect Arabidopsis thaliana against 
attack by the pathogenic bacteria Pseudomonas syringae (Bais et al. 2004). Finally, an 
attractive trait of Bacillus strains, from a technological point of view, is their spore-forming 
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ability which make them some of the best candidates for developing stable and efficient 
biopesticide products (Ongena & Jacques 2008). 
 
Strobilurins are another example of natural compounds with useful properties in sustainable 
agriculture. Strobilurins (Fig. 1-3) bear an important part in commercial fungicides since 
they work as a natural template for several synthetic analogs such as pyraclostrobin (Fig. 
1-3), azoxystrobin, etc. (Sauter, Steglich, & Anke 1999). Strobilurins were first isolated from 
culture filtrates of basidiomycetes. It is thought that the production of strobilurins in these 
mushrooms allows them to colonize dead wood instead of competing fungi. These 
compounds inhibit electron transfer in mitochondria by blocking a ubiquinone receptor in 
the respiratory chain. Strobilurins are one of the most successful discoveries of antifungal 
natural products in the 1990s (Engelmeier & Hadacek 2006; Sauter et al. 1999); however, 
pathogen resistance has been observed due to their specific mode of action and extensive 
overuse (Pérez et al. 2002; Pieczul & Wąsowska 2017; Sierotzki, Wullschleger, & Gisi 
2000). 
 
The importance of metabolites in the performance of BCAs has been acknowledged by 
manufacturing companies; therefore, usually patent claims pay careful attention on the 
metabolites of BCAs (Jayaprakashvel & Mathivanan 2011; Lehman et al. 2005; Strobel & 
Li 2003). A prominent example is haterumalide NA (formerly named as oocydin A, Fig. 1-
3) produced by bacteria in the genus Serratia. Several patents claiming plant protection 
uses for Serratia spp. metabolites against bacterial, fungal and oomycete pathogens have 
been published (Strobel & Li 2003; Strobel, Morrison, & Cassella 2003; Van Der Wolf, 
Czajkowski, & Van Veen 2014), as well as a weed control agent (Gerhardson et al. 2003). 
Anticancer activity has been also demonstrated (Matilla et al. 2012). However, the mode of 
action for this compound is still unknown (Jayaprakashvel & Mathivanan 2011; Masschelein 
et al. 2017). 
 
Fungi from the genus Trichoderma are emblematic antagonists and BCAs (Bae et al. 2016). 
Their capacity to exert plant pathogen protection is given by their ability to grown in many 
different environments and to produce cell-wall degrading enzymes in combination with 
SMs (Hermosa et al. 2014; Sharma, Salwan, & Sharma 2017). Peptaibols, PKs, pyrones, 
terpenes and diketopiperazine-like compounds are among the span of SMs produced by 
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Trichoderma spp. However, SMs seem to play a complementary instead of a crucial role in 
plant protection (Hermosa et al. 2014; Pascale et al. 2017). 
 
Volatile compounds are another type of microbial metabolites that offer a great potential in 
agriculture for sustainable crop protection. Mycofumigants based on Muscodor albus have 
proved to be a promising alternative for the control of various postharvest diseases (Corcuff 
et al. 2011; Gabler et al. 2010) and a wide variety of plant pathogenic fungi (Sanchez & 
Demain 2011; Schofield 2015b). As a mixture of VOCs, 1-butanol and 3-methyl-acetate 
(isoamyl acetate) are the most active compounds (Strobel 2006). The control of postharvest 
diseases of fresh fruits by biological fumigation was demonstrated in apples. The major 
volatile compounds detected by headspace gas chromatography were 2-methyl-1-butanol 
and isobutyric acid (Mercier & Jiménez 2004). For bacteria, volatiles are also involved in 
biofertilization and pest control. For instance, dimethyl disulfide, a volatile frequently emitted 
by bacteria, is marketed as the soil fumigant PALADIN® against nematodes and soil-borne 
pathogens (Meldau et al. 2013; Tyc et al. 2017). 
Plant growth promotion 
 
VOCs may also induce growth promotion and induced systemic resistance (ISR) in plants 
(Beneduzi, Ambrosini, & Passaglia 2012). Volatiles of rhizobacteria and of phytopathogenic 
bacteria exert fungistatic effects, for example on the growth of phytopathogenic fungi such 
as Verticillium dahliae, Sclerotinia sclerotiorum, and Rhizoctonia solani (Kai et al. 2009; 
Meldau et al. 2013). Finally, biosurfactants which are multifunctional metabolites in 
microbes, can enhance nutrient availability and might work as indirect growth promoters. It 
has been demonstrated that the application of biosurfactants in agricultural soils can 
improve nutrient status by increasing wettability, and achieving a more even dissemination 
of complex nutrients (Singh, Glick, & Rathore 2018). 
Herbicidal microbial SMs 
Beside pathogens, crops can also be significantly affected by weeds. In many cases, crops 
yields are vastly reduced due to the presence of weeds, which consume nutrient and water 
resources in the productive systems (Wu et al. 2017). Furthermore, herbicide resistance in 
weeds and toxic issues in humans are commonly observed (Adetunji et al. 2018). Microbes, 
especially those which are phytopathogenic, can produce toxins that may play a role in the 
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development of plant diseases. Additionally, phytotoxins from microbes have demonstrated 
to present promising phytotoxic effects. Souza et al. (2017) isolated 39 fungi from infected 
weed tissues and their supernatants obtained from fungal growth in liquid broth were tested 
for phytotoxicity. 28 out of 39 isolates, presented weed control and 5 were highlighted as a 
promising source of SMs that could function as herbicides (Souza et al. 2017). Brefeldin A 
(Fig. 1-3) is a phytotoxic molecule isolated from several fungal species that has shown 
interesting properties for weed control in crops, amongst other bioactivities (Vurro et al. 
1998; Wang et al. 2007). Bialaphos is the only commercially available herbicide isolated as 
a natural product; however, it has a broad spectrum, therefore it is not allowed in organic 
agriculture (Dayan et al. 2009; Thompson & Seto 1995). Other microbial compounds have 
shown herbicidal properties that could be further investigated (Daniel et al. 2018; Todero et 
al. 2018). 
1.6 Conclusions  
Lessons must be learned in agrichemical industry to avoid the failures of its “older brother”: 
the pharmaceutical industry. Consumers and policies all over the world are demanding for 
more quality, healthier and sustainable ways to produce foods. Fortunately, advanced and 
cheaper technological tools are at the service of the R&D programs. Bets must be placed 
in the correct side of the history.  
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2. Chapter 2: Screening of a biological 
control bacterium to fight avocado 
diseases: from agroecosystem to 
bioreactor 
ABSTRACT 
Avocado diseases remain to be a major constraint for the development of this agribusiness, 
which is largely led by Latin American countries. In this chapter, a collection of 667 native 
avocado bacterial isolates was established and screened for antagonistic activity and 
bioactive secondary metabolite production against two important avocado pathogens 
(Phytophthora cinnamomi and Colletotrichum gloeosporioides). The isolate ARP5.1 
demonstrated the highest potential for in vitro control of the phytopathogens and was 
identified as Serratia sp. To enhance bioactive metabolite production by ARP5.1, different 
combinations of agitation speeds and aeration rates were evaluated on a stirred tank 
bioreactor. The activity of the crude extracts was tested and cell growth kinetics, oxygen 
and glucose consumption, and production of secondary metabolites were determined at 
the fermentation conditions of higher inhibitory activity. Results evidenced oxygen as critical 
factor for the biosynthesis of metabolites of interest. In addition, shear stress and glucose 
were limiting factors in metabolite production. Prodigiosin, serratamolide and haterumalide 
NC were identified in the extracts by Liquid Chromatography coupled to High-Resolution 
Mass Spectrometry. However, the presence of haterumalide NC might explain the high 
activity of the crude extract against P. cinnamomi. We concluded that this bacterium might 
be a promising candidate for the control of avocado pathogens in field and a good source 
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Keywords: Phytophthora cinnamomi, Colletotrichum gloeosporioides, stirred tank 
bioreactor, secondary metabolites. 
2.1 Introduction 
Avocado fruit holds a high demand in the world market not only due to its high nutritional 
value, but also for its role in the cosmetic and pharmaceutical industry (Pérez-Jiménez, 
2008). Approximately 5 million tons per year are produced in several tropical and 
subtropical areas around the world. Moreover, avocado production has duplicated in the 
last 25 years and its demand continues to increase every year, representing today an 
agricultural product with great exporting potential (Pérez-Jiménez, 2008). 
 
In spite of this, avocado crops are threatened by economically important diseases that could 
limit their production and reduce fruit quality. The most relevant diseases in avocado are 
root rot, caused by P. cinnamomi and anthracnose, caused by Colletotrichum spp. (Pérez-
Jiménez, 2008; Ramírez Gil et al., 2014; Rookes et al., 2008). Although the use of 
agrochemicals has prevailed in controlling this type of plant pathogens, the problems 
caused by their indiscriminate applications have motivated endeavors in the search for new 
control alternatives. In addition, some of the pesticides used to control postharvest diseases 
are not accepted by the international community or their residual limits are strictly 
monitored, causing rejection of the fruit and economic losses for producers. 
 
One of the alternatives that has appear in recent years is based on the use of 
microorganisms capable of producing inhibitory bioactive substances against plant 
pathogens (Lopes et al., 2012). Although biological control microbes have been widely 
reported, there is a lack in control consistency under field conditions due to the different 
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edaphoclimatic conditions in crops (Velivelli et al., 2014). This gap might be fulfilled by 
microbial metabolites. The advantages of these kind of compounds are their generally low 
toxicity and high biodegradability compared to traditional agrochemicals (Duke et al., 2010). 
However, there are many limitations that prevent attaining bioactive substances in 
significant quantities to make them attractive in commercial terms. Therefore, studies 
covering identification of bioactive substances and scaling up are required since significant 
amounts of metabolites are required for in vivo assays (Stanbury et al., 2017). 
 
Agitation speeds and aeration rates have been highlighted as critical parameters in scaling 
up and optimization of fermentation processes. These parameters are codependent for 
dissolved oxygen (DO) and shear stress in the bioreactor, and therefore influence bioactive 
metabolite production (Yépez and Maugeri, 2005). Several reports considered DO an 
important factor for enzyme production (Agarwal et al., 2011; Long et al., 2007; Pansuriya 
and Rekha, 2011; Ustáriz et al., 2008; Venil and Lakshmanaperumalsamy, 2009), as well 
as for secondary metabolites production (Miao et al., 2013; Su et al., 2011). Nevertheless, 
the approach to oxygen limitation has never been assessed before on some bacterium 
genus for secondary metabolites production.  
 
In order to find an efficient biocontrol agent we hypothesized that healthy avocado plants 
harbor microbes on their tissues that could avoid the thriving of pathogens by producing 
inhibitory secondary metabolites. For this reason, the aims of this chapter were: 1. To 
establish a native avocado bacteria collection and to screen it for outstanding biocontrol 
bacterium, 2. To determine appropriate fermentation conditions for the selected isolate in a 
stirred tank bioreactor, and 3. To find some of the secondary metabolites responsible for 
the inhibitory activity against P. cinnamomi and C. gloeosporioides through LC-HRMS. 
2.2 Materials and methods 
2.2.1 Microbes and media 
Roots, leaves, flowers and fruits samples from 480 apparently healthy trees belonging to 8 
orchards in the region of Antioquia (Colombia) were collected. Tissues were suspended in 
tween 80 0.5% solution and a 100 µL aliquot was spread on a petri dish with trypticase soy 
agar (TSA, Merck®, Germany). After incubation for 48 h at 28 °C, colonies showing apparent 
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inhibition halos were carefully transferred onto new TSA medium until axenic. Phytophthora 
cinnamomi and Colletotrichum gloeosporioides strains belonged to the avocado plant 
pathogens bank from Corporation for Biological Research (CIB). Potato dextrose agar 
(PDA) and Sabouraud broth were used for maintenance and growth of the pathogens. 
2.2.2 Screening of the collection 
Antagonistic assays against P. cinnamomi and C. gloeosporioides were performed using 
the established bacteria collection by dual culture assays (Granada García et al., 2014; 
Ramírez et al., 2015). Isolates that showed any kind of inhibition halo were grown in minimal 
medium (M9 5x solution 200 mL per liter: 64 g L-1 Na2HPO4.7H2O, 15 g L-1 KH2PO4, 2.5 g 
L-1 NaCl, 5 g L-1 NH4Cl; 2 mL 1 M MgSO4; 25 mL 20% glucose; 0.1 mL 1 M CaCl2 and 773 
mL water) for 48 h and extracted with ethyl acetate 1:1 volume ratio. The solvent was 
removed on a rotary evaporator and the extracts were resuspended with appropriate 
amounts of methanol to perform antimicrobial activity assays. The bioactivity of the extracts 
was assessed through optical density (OD) measurements at 595 nm in 96-well microplates 
using a plate reader model 680 (Biorad, Hercules, CA) (Granada García et al., 2014). After 
five days of incubation at 25°C, the content of the wells were transferred to fresh culture 
medium to check the growth of the pathogens. The minimum inhibitory concentration (MIC) 
was defined as the lowest concentration with no significant increase in optical density (Cui 
et al., 2015). 
2.2.3 Molecular identification of the most promising bacterial 
isolate 
A single colony of the unknown bacteria was subjected to colony PCR. The amplification of 
16S rRNA gene was performed using universal 27F and 1492R primers, according to 
Marasco (Marasco et al., 2018). The nucleotide sequence of 16S rDNA was determined by 
Sanger sequencing using Applied Biosystems 3730xl DNA Analyzer. Sequences were 
aligned and subjected to BLAST for nucleotide similarity search in the GenBank database. 
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2.2.4 Operating conditions and fermentations in stirred tank 
bioreactor 
A stirred tank bioreactor (New Brunswick, New Jersey, USA) was used. Tank volume and 
working volume were 7 and 4 L, respectively. Minimal medium was used. The dimensions 
of the tank were 0.16 m internal diameter, containing 3 baffles of 0.009 m, a drilled aerator 
and a Rushton turbine type agitator with 0.048 m diameter. The bioreactor was sterilized 
before use and inoculated with 250 mL (6.25% v/v) with a 20 h grown culture of Serratia 
sp. ARP5.1. A factorial arrangement in a completely randomized fashion was performed 
combining three agitation speeds (150, 300, 450 revolutions per minute (rpm)) and three 
aeration rates (0.5, 1.0, 1.5 volume per volume per minute (vvm)) (32 = 9) at a constant 
temperature of 28°C  (Kim et al., 1999). Fermentation time was 96 h for each batch and the 
activity of extracts from the supernatants was tested against the target plant pathogens. 
Subsequently, cell growth, change in reducing sugars, production of secondary metabolites 
(in terms of activity) and oxygen consumption were measured at the condition of better 
performance. 
2.2.5 Analytical methods 
Glucose concentration in the media was estimated by 3,5-dinitrosalicylic acid (DNS) 
method (Miller, 1959). Determinations of the oxygen consumption and volumetric oxygen 
transfer coefficient (kLa) were performed through continuous measurements with a 
dissolved oxygen sensor. The kLa was measured every four hours by the dynamic method 
(Garcia-Ochoa and Gomez, 2009). 
2.2.6 Chromatographic fractionation and High Resolution Mass 
Spectrometry analysis 
Crude extract from the most bioactive bacterium was fractionated in a flash chromatography 
column using silica C18 (2.5 x 20 cm) using a water:methanol gradient (100 mL, 20% 
MeOH; 100 mL, 40% MeOH, 100 mL, 80% MeOH and 100% MeOH). An HPLC system 
with a PDA-20A diode array detector, a SIL auto-injection valve, a CTO-10A thermostat 
and an LC-6AD pump (Shimadzu Corporation, Tokyo, Japan) was used to check peaks 
profile of the bioactive fractions. The separation was performed using a reversed-phase 
Gemini C18 column (250 × 4.6 mm, 5 μm). Solvent A was 0.1% (v/v) trifluoroacetic acid 
(TFA) in water and solvent B was MeCN. The solvent gradient was: initially hold at 5% B, 
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for 3 min, linear gradient from 5% to 98% B within 35 min, and then held at 98% B for 5 
min, at a flow rate of 1.0 mL min-1. High-resolution mass spectra were recorded on an 
Exactive Orbitrap mass spectrometer (Thermo) in the positive mode using electrospray 
ionization and equipped with a Betasil C18 column (Thermo, 2.1 × 150 mm; 3 μm particle 
size). Solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in water, and solvent B was 0.1% 
(v/v) TFA in acetonitrile. The solvent gradient was: initially hold at 5% B, for 1 min, linear 
gradient from 5% to 98% B within 25 min, then held at 98% B for 5 min, at a flow rate of 0.2 
mL/min (Scherlach et al., 2011). The molecular masses were used to generate the 
molecular formula using XcaliburTM Software (TermoFisher Scientific, Germany). Findings 
were checked in the dictionary of natural products (available online: 
http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml). 
2.2.7 Statistical analysis 
The differences among treatments in each experiment were compared using one-way 
analyses of variance (ANOVA) followed by Tukey’s test through R software. In all cases, 
the threshold for significance was 5%. Assumption of normality and equality of variances of 
data were previously tested using Shapiro-Wilk and Levene tests, respectively. 
2.3 Results and discussion 
2.3.1 Antagonistic assays and promising isolates 
A collection of 667 potential antagonistic bacterial isolates were obtained from avocado 
tissue samples. Sixty-nine isolates (11 from leaves, 3 from flowers, 25 from fruits and 30 
from roots) showed some kind of inhibitory halo against C. gloeosporioides and P. 
cinnamomi in dual culture assays. Twenty-one isolates were selected due to their 
significantly higher halos (inhibition level 3. See supplementary data S2-1). Liquid 
fermentation in Erlenmeyer flasks was performed to evaluate whether the observed halos 
in dual culture assays were produced by secondary metabolites excreted by the 
antagonistic bacteria. The minimal medium has been widely reported to induce secondary 
metabolite production and was the selected medium for this test. MIC tests were performed 
to rapidly check the most promising isolate against both of the pathogens. Table 2-1 shows 
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the average MIC for each of the 21 isolates against C. gloeosporioides and P. cinnamomi 
(see supplementary S2-2).  
 
 
Table 2-1. Binary matrix for the average activity (MIC) of the crude extracts against C. 
gloeosporioides and P. cinnamomi. Crude extracts were obtained from Erlenmeyer fermentation 
using minimal medium for each of the 21 promising isolates. The symbol “+” means total inhibition 
of any of the phytopathogens and “-” means no inhibition. 
Isolate 
 Concentration (µg.mL-1) 
 5000 2500 1250 625 312.5 156.3 78.1 39.1 
FRB005-14  - - - - - - - - 
HOB17a21-340  - - - - - - - - 
HOH21  - - - - - - - - 
HOH20  - - - - - - - - 
HOH19  - - - - - - - - 
FRB009-214  + - - - - - - - 
FRB009-187  + - - - - - - - 
FRB011-221  + + - - - - - - 
FRB009-213  + + - - - - - - 
FRB009-185  + + - - - - - - 
FRB004-12  + + - - - - - - 
FRB008-165  + + - - - - - - 
FRB011-202  + + + - - - - - 
FRB008-154  + + + + - - - - 
FRB008-195  + + + + - - - - 
FRB009-211  + + + + - - - - 
HOB008-290  + + + + - - - - 
ARP-110  + + + + - - - - 
ARP-346  + + + + - - - - 
AED07  + + + + - - - - 
ARP5.1  + + + + + + - - 
 
Significantly low MICs were observed for several of the tested bacteria; however, the isolate 
ARP5.1, obtained from rhizoplane, showed the lowest MIC against both of the pathogens, 
and was then selected for further procedures.  Additionally, isolate ARP5.1 was molecularly 
identified as Serratia sp. This genus has been reported as an efficient suppressor of various 
important pathogenic fungi and bacteria (Su et al., 2017). Also, several bioactive secondary 
metabolites have been isolated from this genus (Elkenawy et al., 2017; Matilla et al., 2012; 
Rokem and Weitzman, 1987). 
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2.3.2 Bioreactor fermentations of Serratia sp. ARP5.1 
The potential of Serratia sp. ARP5.1 extracts for in vivo control of the target pathogens and 
the isolation and purification of the bioactive components could not be achieved without a 
proper fermentation scale. For this reason, a 4 L scale bioreactor fermentation was 
performed. Operation conditions parameters (aeration and agitation) were tested in order 
to increase bioactive metabolites production. The time course of the fermentation at 150 
rpm and 0.5 vvm was assessed in the first place. Inhibitory activity against C. 
gloeosporioides and bacterial biomass were measured at different time points during 96 h 
(Fig. 2-1). It was observed that production of bioactive compounds by the isolate ARP5.1 
occurs mainly, but not exclusively, during the stationary phase of culture. Then, after 20 h 
the fermentation reached its maximum biomass concentration (4.8 g L-1) and the highest 
inhibitory activity against the pathogen (C. gloeosporioides). Furthermore, the inhibitory 
activity was constant between 20 and 96 h fermentation. 
 
Figure 2-1. Dry cell weight (DCW) of bacterial growth during the time course of the fermentation of 
Serratia sp. ARP5.1 at 150 rpm/0.5 vvm. Extracts at different fermentation times were tested against 
C. gloeosporioides and optical density at 595 nm was measured. Lower optical densities mean 
higher inhibitory activities. The extract concentration employed was 1% w/v. 
 
It is well known that hydrodynamic conditions can significantly affect the kinetics of cell 
growth and product yield (Garcia-Ochoa and Gomez, 2009; Pfefferle et al., 2000). The 
implication of this fact could be a delay or hastening of the lag phase (or metabolite 
production) at a higher speed of agitation and aeration compared to 150 rpm/0.5 vvm. 
Therefore, further fermentations were carried out for 96 h to guarantee that the stationary 
phase was reached. Fermentations were performed at different combinations of agitation 
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(150, 300, and 450 rpm) and aeration (0.5, 1.0, and 1.5 vvm) in a completely randomized 
experiment and compared in terms of inhibitory activity as an indirect measure of bioactive 
metabolite yield. 
 
Inhibitory activity of the extracts was tested against P. cinnamomi and C. gloeosporioides 
at concentrations of 0.5, 0.25, 0.125 and 0.0625% w/v. Growth of pathogens was 
significantly reduced at 0.0625% w/v, while higher concentrations were able to completely 
inhibit the growth of both pathogens (supplementary S2-3). Extracts obtained at the 
evaluated hydrodynamic conditions did not show any significant differences on P. 
cinnamomi inhibition. Moreover, the oomycete was completely inhibited at all the tested 
conditions (Fig. 2-2(A)). In the case of C. gloeosporioides, higher inhibitions were observed 
at higher agitation speeds with no significant differences among aeration rates (Fig. 2-2(B)). 
 
 
Figure 2-2. Effect of the Serratia sp. ARP5.1 extracts obtained at different agitation and aeration 
fermentation conditions against (A) P. cinnamomi and (B) C. gloeosporioides. The concentration of 
the extracts were 0.0625% w/v. Different letters mean statistically significant differences (p<0.05). 
Experiments at a higher agitation speed (600 rpm) were conducted to check if higher 
metabolite production could be attained. Additionally, two aeration conditions were tested 
along with agitation speed (600 rpm/0.5 vvm and 600 rpm/0.0 vvm) to evaluate whether 
aeration (oxygen) was a determinant factor on bioactive metabolite production by ARP5.1. 
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In order to compare the performance of ARP5.1 in the tested conditions, parameters like 
specific cell growth rate (μ), the maximum concentration of biomass in the fermenter (Xmax), 
biomass yield (Yx/s), among others, were calculated at both of the experiments. As shown 
in Table 2-2, the subtraction of the air supply to the culture medium (600 rpm, 0.0 vvm) 
significantly affected the fermentation parameters. In this case, decreases of about 74, 80 
and 80% were observed for μ, Xmax and Yx/s, respectively, compared to the values obtained 
at 450 rpm/1.5 vvm. 
 
Table 2-2. Fermentation parameters on a stirred tank bioreactor for Serratia sp. ARP5.1 at different 




300 rpm/  
0.5 vvm 






µ (h-1) 0.22 0.16 0.19 ± 0.01 0.30 0.05 
td  (h) 3.15 4.33 3.67 ± 0.14 2.31 13.86 
Yx/s (g g-1) 0.84 0.86 0.90 ± 0.02 0.84 0.18 
%DOmin  0.0 0.0 49.9 ± 9.1  42.8  0.0 
Xmax (g L-1) 4.8 4.92 5.24 ± 0.31 3.63 1.08 
Nomenclature: μ: specific cell growth rate (h−1), td: cell culture doubling time (h), Xmax: maximum 
concentration of biomass (g L−1), Yx/s: biomass yield (dimensionless), %DOmin: minimum percentage 
of dissolved oxygen (gO2L−1). 
 
A higher specific cell growth rate (µ = 0.30 h-1) was attained at 600 rpm/0.5 vvm, with an 
estimated duplication time of 2.31 h-1. Therefore, this operating condition seemed to favor 
cell growth kinetics compared to other operating conditions. However, as shown in Fig. 2-
3(A), the final biomass concentration was lower in the runs conducted at 600 rpm. 
Moreover, unlike other tested conditions, a lag phase equivalent to 6 h was observed, which 
might indicate a high sensitivity in ARP5.1 to hydrodynamic stress generated under this 
agitation speed. 
 
In terms of inhibitory activity, the extract at 450 rpm/1.5 vvm showed a higher inhibition than 
600 rpm/0.5 vvm and much higher than 600 rpm/0.0 vvm (supplementary S2-3). Time 
course of dissolved oxygen (DO) for some of the runs are shown in Fig. 2-3(B). At 150 
rpm/0.5 vvm the concentration of dissolved oxygen in the medium reached 0.0% during the 
exponential phase of the culture. Similar results were observed for 300 rpm/0.5 vvm, which 
unveil a possible dissolved oxygen limitation in all runs performed at lower aeration rates 
(0.5 and 1 vvm). Moreover, although biomass concentrations were similar in the runs 
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performed at 150, 300 and 450 rpm (Fig. 2-3(A)), agitation speeds below 450 rpm 
decreased the bioactivity of the extracts (as shown in Fig. 2-2). 
 
Based on all the above mentioned, it might be stated that the most suitable agitation speed 
for the production of bioactive compounds by Serratia sp. ARP5.1 was 450 rpm. Regarding 
aeration, it was found that the production of active compounds of interest was oxygen 
dependent, but no differences in the inhibitory activities were established among 0.5, 1.0 
and 1.5 vvm. To prove conclusively whether dissolved oxygen limitation occurred in the 
fermentation, the oxygen transfer rate (OTR) and the oxygen uptake rate (OUR) were 




Figure 2-3. Comparison of (A) cell growth of Serratia sp. ARP5.1 and (B) the dissolved oxygen 
concentration in some of the fermentation runs at different aeration and agitation conditions. 
 
As shown in Fig. 2-4(B), at 450 rpm/1.5 vvm the OTR was higher than OUR during 
fermentation process, except for the 8 h point where the rates were similar.  This point 
coincides with the log phase of growth and glucose concentration decreased by more than 
80% (Fig. 2-4(A)). These facts imply that operating conditions at lower agitation and 
aeration rates are very likely to limit oxygen kinetics in growth and metabolite production. 
On the other hand, higher agitation rates not only did not improve metabolite production, 
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but showed to affect the strain thriving, since biomass conversion was lower. It is worth 
noting that the concentrations of glucose (5 g L-1) used in this study were rather low. 
Consequently, higher concentrations of nutrients could increase the exponential phase of 
growth, turning oxygen into a more determining factor in the process. 
 
 
Figure 2-4. Kinetics of cell growth for Serratia sp. ARP5.1 at 450 rpm/1.5 vvm: (A) substrate 
consumption, (B) comparison between the values of oxygen transfer rate (OTR), oxygen uptake rate 
(OUR) and monitoring of dissolved oxygen (DO). 
Some reports suggest that not only medium optimization, but also fermentation conditions 
(agitation, aeration, etc.) must be studied in order to increase a microbial biosynthesized 
product. Patil et al. (2016) evaluated several factors in medium composition for an arginine 
deiminase enzyme production by Pseudomonas putida; however, bioreactor fermentations 
could not improve the target compound production due to a repressive effect from oxygen. 
In contrast, Santos da Silva et al. (2015) systematically assessed agitation and aeration 
rates for surfactin production in Bacillus sp. Optimum agitation/aeration conditions were 
determined through a response surface methodology and a 28.6 fold overproduction was 
achieved. Moreover, Yépez et al. (2005) evaluated not only agitation/aeration, but also 
shear stress on inulinase production by Kluyveromyces marxianus. They concluded that 
aeration rate and agitation speed are shown to be critical for K. marxianus, affecting the 
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microorganism viability and enzyme production. In concordance to that, our results showed 
that the combination of agitation/aeration is critical for bioactive metabolite production in 
Serratia sp. ARP5.1, with agitation being the most important factor for DO. 
 
On the other hand, Sun et al. (2012) tested different agitation speeds at a constant aeration 
rate for acetoin production by a Serratia marcescens H32. They observed that DO were not 
appropriate at agitation speeds of 500 and 600 rpm, while 700 and 800 rpm did not reach 
0.0%. However, acetoin did not increase at agitation speeds over 600 rpm, as well. These 
results are in accordance with ours, since there was a clear threshold in metabolite 
production in between 450 and 600 rpm agitation speeds, which could be probably due to 
the shear stress generated at these conditions. Further studies should be carried out to 
address the type of impeller in order to increase agitation speed exerting lesser shear 
stress. 
Most of the studies on secondary metabolites from Serratia spp. are focused on prodigiosin 
production, an interesting tripyrrol chemical structure. Several of them address the medium 
composition and physicochemical parameters to increase its production (Gondil et al., 
2017; Suryawanshi et al., 2014). Moreover, Lapenda et al., (2014) additional to 
overproduction of prodigiosin, they addressed toxicological evaluation demonstrating a low 
toxicity on Artemia salina (Lapenda Lins et al., 2014). Sánchez et al., (2010) worked on the 
effect of temperature, pH and media composition on the production of the antimicrobial 
molecule serraticin A in S. proteamaculans (Sánchez et al., 2010). Other optimization 
processes on biosurfactants from Serratia spp. have been performed, as well (Fadhile 
Almansoory et al., 2017). However, to our knowledge, there are no reports on the effect of 
dissolved oxygen in secondary metabolites production in Serratia spp. Due to the significant 
reduction in the activity of the extract when low or no aeration conditions were used in 
Serratia sp. ARP5.1 fermentations, the dissolved oxygen parameter should be considered 
in further studies for more appropriate secondary metabolites production. 
2.3.3 Identification of bioactive secondary metabolites 
A flash chromatography fractionation of the crude extract was performed. The bioactive 
fractions (3 out of 15) were submitted to a High-Resolution LC-MS analysis to check for 
bioactive compounds previously reported for Serratia strains. The molecular formulas of 
the main peaks were checked in the dictionary of natural products. Tandem MS spectra 
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were recorded for the more likely compounds to confirm their identity. A siderophore 
molecule (serratamolide, Fig. 2-5A), a cytotoxic molecule (haterumalide NC, Fig. 2-5C) and 
the molecule responsible for the red pigmentation of the colonies (prodigiosin, Fig. 2-5B) 
were identified in the fractions (Table 2-3).  
Table 2-3. Compounds identified by High Resolution LC-MS in the bioactive fractions of Serratia sp. 
ARP5.1 extract. 
Compound [M+H]+ M. formula Mass accuracy (ppm) 
Serratamolide 515.3256 C26H46N2O8 0.357 
Prodigiosin 324.1994 C20H25N3O 1.121 
Haterumalide NC 543.2286 C27H39ClO9 0.626 
 
The identified molecules have several reported biological activities including anticancer 
(Elkenawy et al., 2017; Soto-Cerrato et al., 2005) and antimicrobial activities (John Jimtha 
et al., 2017; Kadouri and Shanks, 2013; Levenfors et al., 2004). Antifungal activity has been 
widely presented for prodigiosin including phytopathogens like Pythium myriotylum and 
Phytophthora infestans (John Jimtha et al., 2017). In the case of haterumalides and related 
molecules, a strong antioomycete activity has been recorded which could explain the high 
sensitivity of P. cinnamomi (oomycete) compared with C. gloeosporioides. According to 
Strobel et al. (1999), minimal inhibitory concentrations of 0.03 µg mL-1 were evidenced for 
haterumalide NA (oocydin A) against P. cinnamomi. For the above mentioned, Serratia sp. 










Figure 2-5. Tandem mass spectra and possible fragments for the molecules detected in the 
bioactive fractions of Serratia sp. ARP5.1 extract: (A) Serratamolide, (B) Prodigiosin, and (C) 
Haterumalide NC. 
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2.4 Conclusions 
Nature can harbor a myriad of potentially useful microbes. The screening methods and 
specific interests in diseases control allowed us to select one strain (Serratia sp. ARP5.1) 
to analyze its behavior in bioreactor and secondary metabolite production. Our results 
evidenced that oxygen is a determining factor in the production of bioactive metabolites by 
Serratia sp. ARP5.1 such as prodigiosin, serratamolide and haterumalide NC. The best 
combination of agitation speed and aeration rate was 450 rpm and 1.5 vvm. However, shear 
stress and glucose concentration showed to be factors worth to be assessed in further 
studies. Regarding metabolite potential, Serratia sp. ARP5.1 is capable to produce 
interesting molecules with several activities that might be applicable to plant health or other 
fields.  
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3. Chapter 3: Control of fruit body rot and 
root rot in avocado cv. Hass by bacterial 
extracts and bioformulates 
ABSTRACT 
At least 20–40% of annual losses of avocado crops are caused by pathogenic fungi. The chemical 
treatments of these diseases are inefficient, cause environmental pollution and are increasingly 
restricted by international laws. The aim of this chapter was to assess the biocontrol capacity of a 
bacterial extract to protect avocado fruits and plants from pathogen infections. Extracts from the 
bacterial isolate Serratia sp. ARP5.1 were obtained from liquid fermentations in a bioreactor. A body 
rot postharvest infection model with Colletotrichum gloeosporioides on fruits was developed. 
Moreover, packaging conditions were simulated using the bacterial extract and the commercial 
fungicide prochloraz as a positive control. Additionally, seedlings infections with Phytophthora 
cinnamomi were performed on two types of avocado (West Indian race and cv. Hass). The Area 
Under Disease Progress Curve (AUDPC) was recorded using the bacterial extract and a commercial 
product with fosetyl-aluminium as treatments. Infections by C. gloeosporioides on injured avocado 
fruits were significantly reduced by the bacterial extract at 31.1 µg.mL-1. Intact fruits were also 
protected against body rot infections at the same concentration and, they did not showed significant 
differences with the commercial fungicide. On the other hand, AUDPC in the seedlings was 
significantly reduced with the extract treatment at 3 µg.mL-1 compared to the control. However, a 
possible phytotoxicity effect of the extract was evidenced in the seedlings and confirmed by pathogen 
recovery and tests on Raphanus sativus seedlings. Finally, formulations of the extracts (emulsion 
and emulsifiable concentrate) were prepared and bioactive stability was assessed for 8 weeks. The 
emulsion formulate demonstrated a very stable bioactivity against P. cinnamomi. The extract and 
the emulsion formulate showed promising results for the control of avocado pathogens. New 
bioproducts based on this type of active principles could be developed for the benefit of the avocado 
industry. 
Keywords: Colletotrichum gloeosporioides, Phytophthora cinnamomi, antagonistic 
microbes, secondary metabolites, biopesticide, biological control. 
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3.1 Introduction 
Persea americana Miller is an important crop in tropical and subtropical zones around the 
world. It is considered the most relevant species within Lauraceae family from the 
economical point of view (Araújo, Rodriguez-Jasso, Ruiz, Pintado, & Aguilar, 2018; Ferro, 
Ducuara, & José Vicente Godoy Acosta, 2001). Avocado fruits possess a high nutritional 
value and have been qualified as a heart-healthy fruit. Additionally, avocado is 
recommended as a dietary source of monounsaturated fatty acids, proteins, carbohydrates, 
minerals and vitamins (Hurtado-Fernández, Fernández-Gutiérrez, & Carrasco-Pancorbo, 
2018). The worldwide production of avocado is around 4,2 millions of tons per year and 
Colombia is positioned as the fourth largest avocado producer in the world, with roughly 
5% of the global avocado production, and holding a great exportation potential. However, 
sells are limited in some markets due to deficient practices for the control of diseases in the 
primary production and low postharvest quality standards (Arias Bustos & Moors, 2018). 
 
Two categories divide postharvest diseases in avocados, namely: stem-end rot and fruit 
body rot. These type of infections reduce fruit quality after harvest affecting its organoleptic 
traits (Pérez-Jiménez, 2008). Stem-end rot is generated at the peduncle end of the fruit, 
colonize towards the bottom and are very often associated with browning of the vascular 
strands. Body rots invade through the skin and generally manifest as circular brown to black 
spots that may be covered with spore masses in the later stages of infection (Yahia & Woolf, 
2011). Colletotrichum spp. are the most commonly isolated pathogen from rot lesions of 
avocado fruits.  
 
The most common strategy against postharvest diseases is the application of 
prochloraz fungicide treatments on packaging stage. This practice is performed in important 
producing countries like South Africa (Scheepers, Jooste, & G Alemu, 2007), New Zealand, 
Australia (Everett, Owen, & Cutting, 2005) and Colombia. Even though, when applications 
with prochloraz at the postharvest stage are not properly performed, loses due to 
anthracnose can increase up to 80% (Bill, Sivakumar, Korsten, & Thompson, 2014). 
Furthermore, this imidazole non-systemic fungicide has been reported for its negative 
impact on human and environmental health (Hernández et al., 2013). These facts, along 
with the implementation of new international trading restrictions, has encouraged to 
research for less harmful and environmentally friendly alternatives. 
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On the other hand, damages caused by root rots on avocado crops are a serious threat 
to fruit yield. Phytophthora cinnamomi Rands cause the most prevalent root rot to avocado 
trees. The symptoms of the disease include wilting, leaf loss, reduced fruit size and death 
of roots and branches, with a negative impact on production and orchard longevity (Pérez-
Jiménez, 2008; Ramírez-Gil, Gilchrist Ramelli, & Morales Osorio, 2017). Growers count on 
several preventive culture strategies like the use of healthy seedlings, establishing plants 
on well-drained soils, appropriate irrigation and fertilization practices, and the use of 
mulches or organic matters to favor the colonization of antagonistic microbes (Costa, 
Menge, & Casale, 1996; You & Sivasithamparam, 1995). The chemical control approach is 
commonly implemented by the use of phosphites and phosphonates (McLeod et al., 2018). 
Plants treated with phosphite or phosphonate can be primed by generating a powerful 
antimicrobial environment in the immediate neighborhood of the attempted invasion (Sena, 
Crocker, Vincelli, & Barton, 2018). However, trees with disease symptoms in field that have 
been treated with these products usually show the same symptoms five to six months after 
treatment (J G Ramírez-Gil, Castañeda-Sánchez, & Morales-Osorio, 2017). 
 
There is an increasingly demand from consumers for chemical-free, sustainably 
produced food products. If used as part of an integrated management system, biological 
control agents (BCA) may satisfy the above mentioned demands. Recent studies have 
confirmed that the use of pure metabolites, cell free supernatant, and beneficial microbial 
strains associated to avocado cultures (e.g. fruits, leaves, roots, bark and rhizospheric soil) 
are potential alternatives for the control of pathogens that affect avocado crops  (Guardado-
Valdivia et al., 2018; Ocampo-Suarez, López, Calderón-Santoyo, Ragazzo-Sánchez, & 
Knauth, 2016; Ruano-Rosa, Arjona-Girona, & López-Herrera, 2018; Zhang, Mahunu, 
Castoria, Apaliy, & Yang, 2017). Interestingly, BCA against P. cinnamomi root rot of 
avocado have been barely reported (Leal, Castaño, & Bolaños, 2014; Ramírez Gil, 
Castañeda Sánchez, & Morales Osorio, 2014), while other amendment strategies have 
been tested with poor outcomes (Leal et al., 2014; Rodrigues da Silva, Cantuarias-Avilés, 
Bremer Neto, Alves Mourão, & Bordignon Medina, 2016). Although several studies have 
covered the positive performance of BCA, there is a lack in control consistency of this 
approach under field conditions. It is presumed that different environmental conditions 
across agro-ecological zones with different edaphoclimatic conditions, can be the cause of 
the poor performance of some BCA (Anderson & Kim, 2018; Gerbore et al., 2014; Velivelli, 
De Vos, Kromann, Declerck, & Prestwich, 2014). Moreover, lack of consistency is 
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evidenced even in less complex environments like postharvest management stages 
(Demoz & Korsten, 2006). 
 
The mechanisms of action that are widely recognized for BCA include the production of 
antibiotics (secondary metabolites), competition for nutrients (e.g., iron) and space, lytic 
enzyme production, systemic induced resistance (SIR) and systemic acquired resistance 
(SAR) in the host (Singh & Sharma, 2018; Velivelli et al., 2014). To cope with the 
consistency of BCA, we have hypothesized that bioactive secondary metabolites produced 
by BCAs could be used as an alternative to fight diseases on preharvest or postharvest 
stages of avocado production. Therefore, in the present chapter, we evaluated the 
biological activity of a metabolic extract produced by the bacterial strain Serratia sp. 
ARP5.1, a previously selected and promising BCA against P. cinnamomi root rot in avocado 
seedlings and postharvest diseases in avocado fruits. 
3.2 Materials and methods 
3.2.1 Microbes, identification and growth media 
Serratia sp. ARP5.1 was previously selected from a collection of indigenous antagonistic 
isolates obtained from healthy avocado trees in orchards of Antioquia (Colombia). Minimal 
medium was used for metabolite production (M9 200 mL: 64 g.L-1 Na2HPO4.7H2O, 15 g.L-1 
KH2PO4, 2.5 g.L-1 NaCl, 5 g.L-1 NH4Cl, 2 mL 1 M MgSO4, 25 mL 20% glucose, 0.1 mL 1 M 
CaCl2, 773 mL water). The P. cinnamomi strain used for the tests belonged to the bank of 
phytopathogens of Corporación para Investigaciones Biológicas. C. gloeosporioides was 
isolated from body rot lesions of avocado fruits. The isolate was identified morphologically 
as Colletotrichum sp. Additionally, rDNA ITS region was amplified and sequenced using 
universal primers for fungi (ITS1/ITS4). Forward and reverse sequences were trimmed, 
edited and aligned using Geneious software version 5.4. Consensus sequence was 
compared to sequences logged in the NCBI GenBank database 
(https://www.ncbi.nlm.nih.gov/genbank) using the BLAST algorithm for species identity. P. 
cinnamomi and C. gloeosporioides strains were grown in Potato Dextrose Agar (PDA). 
Sabouraud broth was used for maintenance and bioassays. Incubation conditions for P. 
cinnamomi and C. gloeosporioides were 6 d at 21 °C and 5 d at 25 °C, respectively. Both 
strains were incubated in darkness. 
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3.2.2 Fermentation, metabolite extraction and in vitro inhibition 
tests 
A 4 L fermentation batch of Serratia sp. ARP5.1 was performed on a 7 L stirred tank 
bioreactor (New Brunswick, New Jersey, USA). The bioreactor was sterilized before use 
and inoculated with 250 mL of a 20 h grown culture of the strain Serratia sp. ARP5.1  in 4 
L of minimal medium (6.25%v/v). The fermentation conditions were 450 rpm, 1 vvm (volume 
of air per volume of medium per min), 48 h and 28 °C. 
 
After fermentation, liquid-liquid extraction of the medium was carried out using 2 L of ethyl 
acetate (2:1 fermentation:solvent). The extraction was performed twice. The solvent was 
removed on a rotary evaporator and the extracts were dissolved in methanol (20 mg.mL-1). 
Antimicrobial activity assays were performed by optical density (OD) measurements at 595 
nm in 96-wells microplates using a plate reader model 680 (Biorad, Hercules, CA) (Granada 
García, Rueda Lorza, & Peláez, 2014). The concentration of the extract tested against P. 
cinnamomi and C. gloeosporioides ranged between 50 to 0.8 µg.mL-1 and 1000 to 15.6 
µg.mL-1, respectively, performing two-fold serial dilutions. The minimum inhibitory 
concentration (MIC) was defined as the lowest concentration with no significant increase in 
optical density compared to the controls (Cui et al., 2015). 
3.2.3 In vivo evaluation of the extract on avocado fruits 
Hass avocado fruits on physiological maturity (dry matter of 23±1 %) were selected from a 
single tree in an orchard. Fruits were of green matte and healthy appearance and 
homogeneous in size, had their stem-end attached and no apparent wound. Fruits were 
washed with tap water and 1% liquid soap, immersed in 1% sodium hypochlorite for 1 min, 
rinsed with sterile distilled water and dried in a laminar flow chamber for 1 h. 
Wounded fruit assay: the extract was first tested on its capacity to control the growth of 
C. gloeosporioides inoculated on wounded avocados using the methodology reported by 
Bill et al. (2014) with modifications. Two wounds per fruit (0.5 cm depth and 0.1 cm width) 
were generated on opposite sides of the equatorial line using a 5 mL syringe needle. Each 
wound was inoculated with a conidial suspension of 2x104 conidia.mL-1 and let to dry. One 
hour after the conidial suspension was applied, 10 µL of methanolic solution of the extract 
was added on one of the wounds of the fruit while in the other one 10 µL of methanol were 
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applied as a control. For the control treatment, the conidial suspension with methanol was 
applied in one of the wounds of the avocado fruit, while in the other one only methanol was 
added. Treatments consisted of four concentrations of the extract (250, 125, 62.5 and 31.1 
µg.mL-1) and the control. A completely randomized experimental design was used, which 
consisted in three experimental units of five fruits each and five treatments (3 x 5 x 5 = 75). 
Treated fruits were incubated at 28 °C and 70±5 % of RH. After reaching commercial 
maturity (approximately 12 days post-infection), fruits were peeled by hand and the wound 
size diameter was recorded. The experiment was repeated three times. 
Intact fruits assay: protectant effect of the extract against body rot and stem-end rot in 
avocado fruits with natural microbial biota was evaluated. Fruits were immersed in an 
aqueous solution of the extract at 31.1 µg.mL-1 for 1 min and let to dry on sterile paper 
towels. The same procedure was performed using the commercial postharvest imidazole 
fungicide prochloraz at a concentration of 0.5 µg.mL-1, according to the manufacturer 
instructions. Fruits immersed in water for 1 min were used as controls. A completely 
randomized experimental design was used, which consisted of three experimental units of 
seven fruits each and three treatments (3 x 7 x 3 = 63). Incubation was performed at 28 °C 
and 70±5 % of RH. After reaching commercial maturity (approximately 12 days post-
infection) the fruits were cut into quarters and the affectations from the stem-end to the 
bottom were recorded on a scale from 0 to 10, where: 0 indicated no stem-end rot infection, 
and 10, fruit completely affected from top to bottom. Additionally, the quarters were peeled 
by hand and the number and sizes of body rot infections were assumed and recorded as 
the area of a circle. The experiment was repeated twice. 
3.2.4 In vivo evaluation of the extract on avocado seedlings 
Seeds from the same tree were collected from field to have as much homogeneity as 
possible in the seedlings. The seed donor tree (West Indian race) was traditionally used as 
rootstock donor in a commercial nursery in Antioquia, Colombia. Seeds were germinated 
and grown in plastic bags containing 2 kg of non-sterile substrate (soil and rice husk at a 
5:1 ratio). The seedlings were fertilized once using 30 g of commercial NPK fertilizer (15: 
15: 15)  and kept in the net-house for 5 months until use. Right before infection and 
treatment evaluation, the soil of each seedling was completely removed and the roots were 
thoroughly washed with tap water. The seedlings were submerged into 400 mL glass flasks 
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containing 349 mL of sterile water, 10 mL of the P. cinnamomi suspension (1x105 infective 
fragments.mL-1) and 1 mL of the treatment to reach the wished concentration. A completely 
randomized factorial arrangement was performed using three concentrations of the extract 
(12, 6 and 3 µg.mL-1), a positive control that consisted on a commercially available product 
based on fosetyl aluminum, an infected control and an absolute control without any 
treatment or pathogen added. Both controls and treatments consisted of three experimental 
units with five seedlings each for a total of 90 plants (6 x 3 x 5, n=90). 
 
 Finally, the plants were kept under observation for 10 days and the disease severity 
was recorded according to the scale reported by Horsfall and Barratt, with modifications 
(Horsfall & Barratt, 1945), as follows: zero (0) indicated no evident symptoms; one (1), 
leaves decay; two (2), curling of the upper third leaves; three (3), curling of the middle third 
leaves (4), curling of the lower third leaves, and fifth (5), complete wilting. Data were used 
to build the area under disease progress curve (AUDPC) according to the formula (Bittner 
& Mila, 2017; Shaner & Finney, 1977):  





 𝑥 (𝑡𝑖+1 − 𝑡𝑖) 
Where: Yi is the severity disease value for the observation i, (ti+1 - ti) is the time (days) 
between two observations and n is the total number of observations. The experiment was 
repeated using seedlings of avocado cv. Hass. The same procedure was performed using 
avocado cv. Hass seedlings with the same specifications. 
3.2.5 Phytotoxicity tests using Raphanus sativus as a model 
Radish model is widely used as a biological test method for terrestrial plants exposed to 
contaminants in soil according to the Canadian Environment and Climate Change 
Organization (Schmidt & Redshaw, 2015). Moreover, it is highly sensitive to contaminants 
and possesses a rapid growth (Bandiera, Mosca, & Vamerali, 2009). The method of Smith 
(2015) with some modifications was used. Briefly, radish seeds (Raphanus sativus) were 
disinfected with 1% sodium hypochlorite for 1 min, 70% alcohol for 1 min and washed thrice 
with sterile water. Petri dishes containing sterile filter paper and 20 seeds evenly distributed 
were added with 2 mL of 10% methanolic solutions of the extracts at concentrations of 20, 
10, 5, 2.5, 1.25 and 0.6 µg.mL-1. Mock experiment was performed using 2 mL solution with 
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10% methanol. Four replicates of each concentration were conducted and incubated in 
darkness at 25°C. Germination percentage and fresh weight of the seedlings were recorded 
after 2 and 5 days, respectively (Schmidt & Redshaw, 2015). 
3.2.6 Bioformulates and biological activity tests  
A water/oil (W/O) emulsion and an emulsifiable oil concentrate formulations were 
prepared using the Serratia sp. extract. The emulsions consisted on a continuous aqueous 
phase containing distilled water, 1% emulsifier (tween 80), 0.5% sodium benzoate and 
0.5% potassium sorbate, and an oil phase with palm oil and the extract at an appropriate 
concentration to reach 20% in the final mix. A homogenizer (Silverson L5M, Silverson 
Machine Ltd., Waterside, Chesham Bucks, England) at 2000 rpm for 3 min was used to 
emulsify the mix. Emulsifiable concentrate was prepared mixing palm oil, 10% emulsifier 
and 20% extract. Mixture was agitated by hand until a clear oil solution was obtained.  
 
The biological activity of the formulation was evaluated using the agar dilution method 
according to Matusinsky et al. (2015) with modifications. Mycelial discs (0.6 cm diameter) 
of the phytopathogens grown in PDA for 6 days were cut from the colony margins and 
transferred onto PDA plates of 96 mm containing the formulations. Six concentrations of 
both of the formulated extracts were tested against P. cinnamomi (0.0, 3.13, 6.25, 12.5, 25 
and 50 μg.mL−1) and six against C. gloeosporioides (0.0, 12.5, 25, 50, 100 and 200 
μg.mL−1). Each tested pathogen was cultivated in three replications. After incubation at 
appropriate conditions for each pathogen for 6 days, the colony diameters were measured 
and the percentage of mycelial growth inhibition was calculated for comparison to the 
control. Effective concentration (EC95) values were calculated by probit analysis 
(Matusinsky et al., 2015). The same procedure was repeated at 0, 2, 4 and 8 weeks to 
assess the biological stability of the formulations. 
3.2.7 Statistical analysis 
Assumptions of normality of the residuals and homogeneity of variances of data were 
evaluated using Shapiro-Wilk and Levene tests, respectively. Comparison of the treatments 
was performed using an analysis of variance (ANOVA) at a significant level of p=0.05 using 
the R studio software. Probit analysis were performed using R studio software, as well. 
Additionally, a regression model performed using R studio was used to analyze the dose-
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response in wounded fruits inoculated with C. gloeosporioides and treated with the bacterial 
extract. 
3.3 Results and discussion 
3.3.1 Minimum inhibitory concentration of Serratia sp. ARP5.1 
extract 
In vitro MICs against C. gloeosporioides and P. cinnamomi were previously tested to 
establish the concentration levels to be assessed in vivo. The C. gloeosporioides strain was 
99% homologous to accessions of Genbank database.  According to Table 3-1, MICs were 
62.5 and 6.3 µg.mL-1 for C. gloeosporioides and P. cinnamomi, respectively. 
Table 3-1. In vitro Minimum Inhibitory Concentration for Serratia sp. ARP5.1 extract against C. 
gloeosporioides and P. cinnamomi. SD, standard deviation; ΔOD, delta of optical density at 595 nm. 
C. gloeosporioides P. cinnamomi 
Concentration 
(µg.mL-1) 
ΔOD SD Concentration 
(µg.mL-1) 
ΔOD SD 
1000.0 0.021 ± 0.009 50.0 0.052 ± 0.034 
500.0 0.043 ± 0.041 25.0 0.053 ± 0.039 
250.0 0.041 ± 0.051 12.5 0.046 ± 0.042 
125.0 0.082 ± 0.053 6.3 0.078 ± 0.053 
62.5 0.123 ± 0.111 3.1 0.117 ± 0.091 
31.1 0.256 ± 0.123 1.6 0.351 ± 0.123 
15.6 0.531 ± 0.163 0.8 0.741 ± 0.136 
Control 1.596 ± 0.142 Control 0.864 ± 0.125 
 
3.3.2 Extract evaluation on avocado fruits 
The protection capacity of the extract on wounded and intact avocados was evaluated. The 
wound together with the inoculation of C. gloeosporioides conidial suspension successfully 
generated a lesion in the place of the infection, even in the presence of methanol (extract 
vehicle) (Fig. 3-1C). Moreover, the results showed that wound sizes decreased 63.5, 79.5, 
69.9 and 73.4 % with respect to the final diameter of the wound (2.51 ± 0.56 cm) in the 
control (methanol) at extract concentrations of 31.1, 62.5, 125 and 250 µg mL-1, respectively 
(Fig. 3-2). 
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Figure 3-1. In vivo assays on Hass avocado fruits inoculated with C. gloeosporioides through a 
wound (w). A) Wounded avocado after treatment, B) peeled wounded avocado treated with the 
extract, C) peeled wounded avocado without the extract treatment. The lesion (p) is caused by 
the colonization of C. gloeosporioides, and D) Uninfected control. Bar= 1 cm, approximately. 
 
Figure 3-2. Assessment of lesion diameter of Hass avocado fruits infected with C. gloeosporioides 
and treated with different Serratia sp. ARP5.1 extract concentrations. Different letters mean 




1 cm 1 cm 
1 cm 
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In intact avocado approach, two postharvest diseases were recorded, namely: body rot and 
stem-end rot. For the stem-end rot, both the extract and the prochloraz treatments did not 
significantly reduce disease severity (Fig. 3-3). However, in avocado fruits treated with the 
extract at 31.1 µg mL-1, body rot infections decreased 84.2 % with respect to the control 
(water), and were not significantly different with the prochloraz treatment at 0.5 µg.mL-1 
3.3.3 Extract evaluation on avocado seedlings 
The AUDPC for avocado seedlings infected with P. cinnamomi was calculated to assess 
the protection capacity of Serratia sp. ARP5.1 extract. The extract at 3.0 µg.mL-1 
demonstrated to significantly reduce the AUDPC compared with the control. Moreover, 
fosetyl aluminum treatment (commercial oomycete treatment) at 0.5 µg.mL-1 showed a 
similar effect than the extract (Fig. 3-4 and 3-5). However, higher concentrations of the 
extract showed a detrimental effect on the seedlings, although P. cinnamomi could not be 
recovered from root tissues in any of the extract treatments. Conversely, P. cinnamomi was 
re-isolated from all seedlings in the infected, non-treated control. Similar results were 
evidenced in the assay with avocado seedlings cv. Hass. This suggests that a possible 
phytotoxic effect took place in the extract treatments at 6.0 and 12.0 µg.mL-1. To further 
analyze this fact, an assay was performed using Raphanus sativus (radish) seeds as a 
widely employed indicator of phytotoxicity. 
 
Figure 3-3.  Stem-end rot (gray bars) and body rot (dashed bars) measurement in avocado fruits 
treated with Serratia sp. ARP5.1 extract at 31.1 µg.mL-1, prochloraz (chemical commercial 
postharvest fungicide) at 0.5 µg.mL-1, and water (control). Different letters mean significant statistical 
differences according to a Tukey test (p<0.05). 
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Figure 3-4. Area under disease progress curve for avocado seedlings under different treatments: 
Uninfected control (water), infected control (P. cinnamomi), fosetyl-Al (P. cinnamomi + commercial 
oomycide fosetyl aluminium at 0.5 µg.mL-1), Serratia sp. ARP5.1 extract at 12, 6 and 3 µg.mL-1. 
Different letters indicate significant statistical differences according to a Tukey test (p<0.05). 
 
Figure 3-5. Avocado seedlings 10 d after infection. A. Uninfected control: uninfected seedlings. B. 
Infected control: plants infected with P. cinnamomi (Pc). C. Positive control: Pc + commercial 
oomycide (fosetyl aluminium 0.5 µg.mL-1). D. Pc + extract at 12 µg.mL-1. E. Pc + extract at 6 µg.mL-
1 F. Pc + extract at 3 µg.mL-1. 
D 
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3.3.4 Raphanus sativus as phytotoxicity tester 
Rhaphanus sativus (radish) seeds were used to perform toxicity tests of the extract (Fig. 3-
6). Germination and fresh weight were recorded and compared with an untreated control. 
No significant differences were observed for germination since all of the percentages were 
higher than 90%. On the other hand, extract concentrations lower than 20 µg.mL-1 did not 
affect the growth (fresh weight) of the seeds; however, an inhibition of 16.1% in growth of 
the radish seedlings was evidenced at 20 µg.mL-1.  
 
Figure 3-6. Phytotoxicity test of Serratia sp. ARP5.1 extract on the germination and fresh weight of 
Raphanus sativus seedlings. Germination of the seeds (gray bars) and fresh weight (dashed bars) 
were recorded and presented as the average of 20 seeds. Different letters mean significant statistical 
differences according to a Tukey test (p<0.05). 
3.3.5 Preliminary formulations of the extracts and biological 
stability 
A water/oil (W/O) emulsion formulation and an emulsifiable oil concentrate formulation were 
prepared using the Serratia sp. extract. Physical-chemical stability was higher for W/O 
emulsion using a ratio of 1:2 water:oil (Fig. 3-7). Biological stability showed to be better 
preserved for the emulsion than the emulsifiable concentrate during the tested period (8 
weeks). Moreover, the EC95 values on P. cinnamomi were constant with both emulsion 
(3.6 ± 0.7 µg.mL-1) and emulsifiable (3.7 ± 0.5 µg.mL-1) formulations. Conversely, the 
emulsifiable concentrate activity was not stable and the EC95 value on C. gloeosporioides 
increased significantly from 56.8 ± 1.5 to 319.0 ± 35.3 µg.mL-1 at week eight. 
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Figure 3-7. Follow up of the biological stability of Serratia sp. ARP5.1 extract formulates over time. 
Two types of formulations (emulsion and emulsifiable concentrate) were tested against P. 
cinnamomi (Pc) and C. gloeosporioides (Cg). Each time point represents the average of three 
replicates ± standard deviation. 
3.4 Discussion 
3.4.1 In vivo assays on fruits 
In this study, we evaluated a bacterial extract for its capacity to control postharvest diseases 
in Hass avocados. Although wounded avocado assays do not completely reflect how a C. 
gloeosporioides infection occurs in real conditions, through this assay, it was possible to 
select an appropriate concentration of the extract to be tested on intact avocados. The latter 
assay evidenced a significant reduction (84.2 %) on body rot incidence for the extract 
treatment. Comparatively with other studies, our results showed a high potential of the 
metabolites produced by Serratia sp. ARP5.1 to control avocado body rot infections caused 
by C. gloeosporioides. In this regard, Guardado-Valdivia et al. (2018) reported a 40% 
reduction in the incidence of anthracnose disease in avocado fruits treated with metabolites 
produced by Bacillus atrophaeus strain B5 (Guardado-Valdivia et al., 2018). Similarly, 
Glowacz et al., (2017) achieved to reduce the incidence of the disease by up to 43% by the 
exposure of the fruits to vapors of methyl jasmonate and methyl salicylate (Glowacz, Roets, 
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& Sivakumar, 2017). Also, Campos-Martínez et al. (2016) achieved decreases of 58 and 
33% on the incidence and severity of anthracnose caused by Colletotrichum acutatum and 
C. gloeosporioides, respectively, on avocado fruits by using a cell suspension of 
Wickerhamomyces anomalus H2. Meanwhile,  Fisher et al., (2018) reported decreases of 
less than 36% in the incidence of anthracnose in ‘Hass’ avocados subjected to different 
chemical treatments under field conditions, and Sarkhosh et al., (2017) achieved reductions 
close to 60%  in necrotic lesions when applying essential oils to avocado fruits. 
 
On the other hand, no significant reduction was observed for the stem-end rot symptoms. 
It is worth noting that the bacterial extract used in this work was selected based on its 
inhibitory activity against C. gloeosporioides. Fruit rots caused by Colletotrichum spp. are 
the most common postharvest infections in avocado with C. gloeosporioides being the most 
prevalent. Nevertheless, other postharvest fungi genus like Phomopsis and Botryosphaeria 
are commonly found as well, especially in stem-end rot infections, limiting the protection 
capacity of the extract (Yahia & Woolf, 2011). A wider assessment on other postharvest 
pathogens should be made to find the appropriate concentration of the extract to be 
effective against the causal agents of the stem-end rot disease. 
 
Additionally, quiescent infections, especially in the peduncle, are difficult to be effectively 
controlled in postharvest stages. In avocado, quiescent infections are known to arise from 
very early as from flowers since the presence of postharvest fungi has been detected in 
this type of tissues (Smith & Korsten, 1996). Postharvest control strategies are therefore 
very often ineffective against the stem-end rot and a preventive approach might be a more 
appropriate alternative. For instance, preharvest application of BCA-based products have 
demonstrated the ability of the antagonist to degrade pathogen hyphae of Phomopsis 
perseae and Dothiorella aromatica in interaction with avocado flowers (Demoz & Korsten, 
2006). 
 
Finally, safety issues have been covered regarding metabolite production by the BCA. 
Culture extracts of six BCA, tested on two human cell lines (Caco-2, HeLa), exhibited no 
cytotoxic effects, when used directly (1x) (Ocampo-Suarez et al., 2016). Further studies on 
cytotoxicity, genotoxicity and mutagenicity should be performed to warranty the primary 
safe parameters for the application of microbial metabolic extracts. 
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3.4.2 In vivo assays on seedlings 
A biological control approach has been directly and indirectly used to control root rot in 
avocado caused by P. cinnamomi. The indirect approach, commonly used in avocado 
crops, consisted of the use of organic mulches. You et al. (1995) and Costa et al., (1996) 
demonstrated that the use of organic mulch helped with the P. cinnamomi suppression. 
Moreover, microbial populations of aerobic bacteria, fungi and specially actinomycetes 
were negatively correlated with the presence of P. cinnamomi (Costa et al., 1996; You & 
Sivasithamparam, 1995). 
 
However, few studies have addressed the direct use of a BCA to eliminate or reduce P. 
cinnamomi infections (McLeod et al., 2018). Ramirez-Gil et al., (2014) evaluated under 
greenhouse conditions the effect of Trichoderma sp., Glomus fasciculatum and 
Pseudomonas sp. isolates on avocado seedling development inoculated and non-
inoculated with P. cinnamomi. All of the tested microbes increased the development of the 
seedlings with Trichoderma sp. showing the best results reducing the wilt disease progress. 
Leal et al., (2014) tested several chemical treatments and a Trichoderma harzianum strain 
to control the severity of the disease in avocado seedlings infected with P. cinnamomi. 
Differences were observed on the severity of the disease regarding root and stem base 
affection by P. cinnamomi. However, the chemical treatments (metalaxyl, mancozeb and 
fosetyl aluminium) were superior to control the disease symptoms. 
 
In this work, the extract from Serratia sp. ARP5.1 was employed to control the infection of 
P. cinnamomi on avocado seedlings in an infection model that completely killed the 
seedlings in the infected control in around 10 days after inoculation. This infection model 
was developed before independently by Engelbrech (2013) and Andrade-Hoyos (2015) to 
study some defense mechanisms in avocado rootstocks. The advantage of this model 
compared with direct inoculation into the soil is the quick development of the symptoms and 
the severity of the disease that can reach 100%, i.e., the complete death of the plant. 
Conversely, soil infection models only showed wilt or yellowing as the most severe 
symptoms in a prolonged period of time (Leal et al., 2014; Ramírez Gil et al., 2014). 
 
To our knowledge, this is the first time that a microbial extract is assessed for the control of 
P. cinnamomi infection in avocado. Other studies had evaluated the performance of 
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microbial extracts or semi purified fractions successfully on other plant species. Lopes et 
al. (2012) evidenced a reduction on leaf lesions in eucalyptus seedlings caused by 
Xanthomonas axonopodis, when sprayed with the F3 fraction of a Pseudomonas sp. Before 
or after inoculation of seedlings with X. axonopodis in a greenhouse experiment showed 
that the number of leaf lesions waslower than in untreated control plants in 93.9% and 
89.7%, respectively. Moreover, Gutierrez-Monsalve et al. (2015) assessed a Bacillus 
subtilis strain against the black Sigatoka disease caused by Mycosphaerella fijiensis on 
banana. The evaluation of B. subtilis and its metabolites showed that the efficacy of the 
treatment depended mainly on the metabolites and to a lesser extent on the B. subtilis cells. 
 
Although the Serratia sp. cells were not tested in our study, we demonstrated the capacity 
of the extract to protect avocado seedlings. As observed in previous results, compared with 
C. gloeosporioides, the higher sensitivity of P. cinnamomi against the extract was probably 
due to the presence of the molecule haterumalide NE which congeners have been reported 
as potent anti-oomycete compounds (Matilla, Stöckmann, Leeper, & Salmond, 2012). 
Moreover, the extract prevented or halted the infection of the roots since the pathogen could 
not be reisolated from the tissues. Conversely, P. cinnamomi was reisolated from the 
infected untreated control. Nevertheless, we hypothesized that a phytotoxicity effect was 
observed in the higher concentrations of the extract (12 and 6 µg.mL-1), since the pathogen 
could not be reisolated, but the seedlings showed symptoms. This fact was corroborated 
with the test on the radish seedlings were a lower fresh weight was evidenced at the highest 
concentration (20 µg.mL-1) of the extract. Moreover, similar results were observed when 
avocado seedlings sv. Hass were evaluated. It is necessary to adjust the concentration of 
the extract to achieve the best performance in disease control with the less possible toxicity 
on the plants. It is also plausible that older avocado plants react differently in terms of 
toxicity against the extract. Further evaluations whether in field or older plants in bigger pots 
as described by Andrade-Hoyos (2015) could deliver new insights on this issue (Andrade-
Hoyos et al., 2015). 
 
On the other hand, two different types of formulations were employed to stabilize the activity 
of the extract over time. Viable formulations must be addressed to aim a future 
commercially available product. Previous studies showed that some of the metabolites 
responsible for the activity of the Serratia sp. ARP5.1 extract were prodigiosin, 
serratamolide and haterumalide NE (unpublished data). These molecules possess low 
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solubility in water and high solubility in organic solvents. Moreover, the extract was highly 
soluble on palm oil which allowed us to design an emulsifiable concentrate and a 
concentrated emulsion. The stability of the emulsion and low stability of the emulsifiable 
concentrate unveiled the possible susceptibility of some of the components of the extract 
to light. Further test addressing particle size and emulsifiers should be done to improve 
activity stability (Khalid, Shu, Kobayashi, Nakajima, & Barrow, 2017). 
3.5 Conclusions 
The extract from Serratia sp. ARP5.1 showed a high potential for the control of both root 
rot infections caused by P. cinnamomi and postharvest body rot infections caused by C. 
gloeosporioides. However, the concentration of the extract must be adjusted to avoid 
toxicity effects on plants. This is also true for postharvest disease control where promising 
results were observed for body rot. The preliminary approach to a commercial formulation 
evidenced that an emulsion could be an appropriate vehicle for the extract to keep its 
biological stability over time. 
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4. Chapter 4: Bioactive molecules from 
Serratia marcescens ARP5.1 and 
overproduction of haterumalide NA, a 




Serratia sp. ARP5.1 was selected from a collection of 667 bacterial strains due to its 
promising capacity to produce inhibitory compounds against avocado pathogens. In this 
chapter, we used a bioguided approach with Phytophthora cinnamomi and Colletotrichum 
gloeosporioides as bioactivity indicators to isolate, purify and structurally elucidate three 
compounds from S. marcescens ARP5.1: serratamolide A, prodigiosin and haterumalide 
NA. An optimization process of the yield of haterumalide NA in liquid fermentation was 
carried out. Carbon and nitrogen sources, and their respective concentrations, were 
selected by One-Factor-at-a-Time method. Plackett-Burman experiments demonstrated 
that 3 out 9 variables were not only significant, but also worth to be submitted to further 
optimization process. Final optimization was performed by a Central Composite Design with 
the three selected variables and the model was validated showing 31-fold optimization 
(129.0 ± 2.6 mg/L at 48 h) in the bioreactor compared with the initial medium. High inhibitory 
activity of haterumalide NA, compared with commercially available active principles, was 
evidenced against P. cinnamomi, and two additional Phytophthora species (P. nicotianae 
and P. palmivora); therefore, an approach to the mode of action was done by testing the 
compound against all asexual stages of the Phytophthora species. No evident effects on 
any of the assessed aspects were observed, except for hyphal swelling of P. cinnamomi in 
the resistant structures test; thus, evidence was not conclusive on a possible target for 
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haterumalide NA. Further experiments should be focused in assessing specific intracellular 
molecular target of the pathogen. 
Keywords: response surface method, Phytophthora cinnamomi, optimization, central 
composite design, haterumalide NA, mode of action. 
4.1 Introduction 
Many naturally produced compounds derived from plants, animals, insects and 
microorganisms are considered non-toxic, non-carcinogenic and biodegradable. Among 
living organisms, microorganisms (actinobacteria, cyanobacteria, myxobacteria, and fungi) 
represent one of the most prolific sources for the production of metabolites exhibiting 
biological activities and chemical characteristics that do not exist in the screening libraries 
of synthetic compounds (Fedorenko et al., 2015). Antimicrobial, toxins, metal-transporting, 
sex hormones, pigments, anticancer, pesticides, immunomodulators, 
immunosuppressants, and cholesterol lowering agents are among the examples of 
secondary metabolites produced by bacteria, which are of interest to different industries, 
such as, pharmaceutical, cosmetic, chemical, nutritional, and agricultural (Gokulan, Khare, 
& Cerniglia, 2014). Additionally, some natural products are utilized as starting materials in 
processes of synthesis to produce novel semi-synthetic compounds. 
Trends in consumption and government policies throughout the whole world are pointing 
toward more eco-friendly and biodegradable products. Furthermore, the development of 
drug-resistance strains is calling for discovering and developing novel antimicrobial 
compounds (Venil, Zakaria, & Ahmad, 2013). Consequently, the demand for natural 
products is increasing and their production is now a re-emerging field of research and 
business opportunities. However, several drawbacks must be overcome before rendering 
a bioactive compound economically viable. Despite the fact that some natural products may 
also be chemically synthesized, their structural diversity and complexity can make the 
procedure too expensive (Lam, 2007). In fact, most of the microbial secondary metabolites 
are highly complex and contain several centers of asymmetry making them not feasible for 
full chemical synthesis. Therefore, microbial fermentation-based production remains the 
only way to obtain a myriad of bioactive compounds (Fedorenko et al., 2015). 
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Although bioprospecting is necessary in order to identify novel bioactive compounds and 
more viable strains for industrial production of known specific compound, perhaps the most 
challenging aspect in any stage of R&D process is adequate yield in the fermentation 
process. Several strategies that do not involve genetic manipulation or high throughput 
screening tools can be implemented to increase productivity in bioprocesses:  (i) design 
and optimization of culture media; (ii) application of different cell culture strategies (i.e., 
batch, fed-batch), and (iii) improvement of monitoring and control strategies (Galbraith, 
Bhatia, Liu, & Yoon, 2018; Liste-Calleja, Lecina, & Cairo, 2014). 
Regarding culture media and fermentation conditions, conventional and statistical methods 
can be applied to manipulate variables and evaluating effects on metabolite productivity 
during fermentation. The major disadvantage of conventional methods, such as One-
Factor-at-a-Time (OFAT), is that the interactions between factors, which might strongly 
influence the bioprocess, are not estimated by this sort of experiments. Moreover, a high 
number of runs are usually required, which implies a substantial amount of effort, time and 
resources (Galbraith et al., 2018). Meanwhile, statistical experimental designs take into 
account several factors that vary simultaneously. Accordingly, they use a higher number of 
observations to find optimal solutions and require a reduced number of experimental runs, 
being not only more efficient and precise, but also cheaper when compared with OFAT 
methods (Bezerra, Santelli, Oliveira, Villar, & Escaleira, 2008). 
Other factors that could halt a promising antimicrobial metabolite to reach a commercial 
stage is how it affects the target pathogen, i.e., its mode of action. Whether an antibiotic for 
pharmaceutical industry or an antifungal for agrochemical industry, the mode of action must 
be addressed to understand and generate the appropriate administration or formulation 
vehicles (Wang et al., 2018). 
In this chapter, the separation, purification and structural elucidation of three bioactive 
metabolites from Serratia sp. was performed. A bioguided approach allowed us to isolate a 
promising molecule (haterumalide NA) with a strong inhibitory activity against P. 
cinnamomi, an important plant pathogen that causes the avocado die back, and two more 
Phytophthora species. Yield optimization of the compound in liquid fermentation was 
achieved and an approach to the mode of action of the compound was attempted and 
discussed. 
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4.2 Materials and methods 
4.2.1 Microbes, growth media and chemicals 
Serratia sp. ARP5.1 was previously selected from a collection of indigenous antagonistic 
isolates obtained from healthy avocado trees in orchards of Antioquia (Colombia). 
Trypticase soy agar (TSA) was used to maintain the bacterial isolate. A bioMérieux VITEK® 
2 automated system was employed to identify the isolate to species level (bioMérieux, 
Marcy-L’Étoile, France). Minimal medium was used for metabolite production as the starting 
medium to be optimized (M9 5x solution 200 mL per liter: 64 g.L-1 Na2HPO4.7H2O, 15 g.L-1 
KH2PO4, 2.5 g.L-1 NaCl, 5 g.L-1 NH4Cl, 2 mL 1 M MgSO4, 25 mL 20% glucose, 0.1 mL 1 M 
CaCl2, 773 mL water). The P. cinnamomi and C. gloeosporioides strains used for the tests 
belonged to the bank of phytopathogens of Corporación para Investigaciones Biológicas. 
Phytophthora palmivora and Phytophthora nicotianae were provided by Prof. Lucía 
Afanador Kafuri lab. All the strains were grown in Potato Dextrose Agar (PDA) and 
Sabouraud broth was used for maintenance and bioassays. Carrot agar (200 g per liter) 
was used to induce the production of sporangia and chlamydospores. All incubation 
temperatures were 25 °C in dark conditions. Commercial oomycide products 
pyraclostrobin, metalaxyl-mancozeb and fosetyl aluminium were purchased in an 
agrochemical store. 
Methanol and chloroform for metabolite separations were analytical grade. Acetonitrile was 
chromatographic grade and the water was distilled and purified by a MilliQ system (Milford, 
MA, USA). Silica gel 60 and silica C18 were purchased from Merck®. 
4.2.2 Fermentation of S. marcescens ARP5.1 and extract 
preparation 
In order to produce enough amounts of extract to perform purification of bioactive 
compound, a 20 L scale fermentation of S. marcescens ARP5.1 was done. A preinoculum 
of 2 L was incubated for 24 h before being added to a 50 L stirred tank bioreactor with a 
Rushton turbine type agitator and 18 L of minimal medium. The aeration and agitation 
conditions of the fermentation were kept to maintain a dissolved oxygen percentage higher 
than 20%. Antifoaming agent was added along the process to control spilling. Fermentation 
was performed at 28 °C for 48 h. Three extractions were carried out using 5 L of ethyl 
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acetate each time. The ethyl acetate was removed in a rotary evaporator assisted by 
vacuum. 
4.2.3 Metabolites separation, purification and elucidation 
A bioguided separation process was applied to the 20 L fermentation extract in order to 
obtain pure compounds with inhibitory activity against target phytopathogens (P. 
cinnamomi and C. gloeosporioides). The detailed separation and purification process is 
described in supplementary S4-1. Briefly, the crude extract was submitted to a silica gel 
open column (1000 x 60 mm) using a solvent system with MeOH:chloroform. A High 
Performance Liquid Chromatography (HPLC) system with a PDA-20A diode array detector, 
a SIL auto-injection valve, a CTO-10A thermostat and an LC-6AD pump (Shimadzu 
Corporation, Tokyo, Japan) was used to check peaks profile of all of the collected fractions. 
The HPLC runs were performed using a reversed-phase Gemini C18 column (250 × 4.6 
mm, 5 μm). Solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in water and solvent B was 
MeCN. The solvent gradient was: initially hold at 5% B, for 3 min, linear gradient from 5% 
to 98% B within 35 min, and then held at 98% B for 5 min, at a flow rate of 1.0 mL.min-1. 
Bioactive fractions with similar chromatographic profile were pooled together and a new 
separation process was performed using a silica C18 open column (260 x 30 mm) with a 
mobile phase consisting on a MeOH:H2O system. Fractions were assessed on bioactivity 
and HPLC checked for appropriate pooling. A preparative HPLC was carried out for final 
separation and purification. A C18 column (250 x 20 mm, 7 μm) and a solvent system 
consisting of 0.1 % trifluoroacetic acid (TFA) in H2O and 0.1 % TFA in acetonitrile were 
used. 
Pure compounds were dissolved in chloroform-d and submitted to Nuclear Magnetic 
Resonance (NMR) analysis. NMR spectra were recorded on a Bruker Avance III 600 
spectrometer (Bruker BioSpin GmbH) equipped with a cryoprobe head. Molecular weight 
and purity were checked by High-resolution mass spectra and were recorded on an 
Exactive Orbitrap mass spectrometer (Thermo) in the positive mode using electrospray 
ionization and equipped with a Betasil C18 column (Thermo, 2.1 × 150 mm; 3 μm particle 
size). Solvent A was 0.1% (v/v) TFA in water, and solvent B was 0.1% (v/v) TFA in 
acetonitrile. The solvent gradient was: initially hold at 5% B, for 1 min, linear gradient from 
5% to 98% B within 25 min, then held at 98% B for 5 min, at a flow rate of 0.2 mL/min 
(Scherlach et al., 2011).  
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4.2.4 Assessment of biological activity of fractions and pure 
compounds 
The bioactivity of the extracts and pure compounds was assessed through optical density 
(OD) measurements at 595 nm in 96-well microplates using a plate reader model 680 
(Biorad, Hercules, CA) (Granada García, Rueda Lorza, & Peláez, 2014). The minimum 
inhibitory concentration (MIC) was defined as the lowest concentration with no significant 
increase in optical density (Cui et al., 2015).  
4.2.5 Yield optimization and quantification of haterumalide NA 
The optimization of haterumalide NA production was performed using a one-factor-at-a-
time approach, followed by a Plackett-Burman (PB) design and a Central Composite Design 
(CCD). The experimental design was performed using the commercial software 
STATGRAPHICS Centurion XVI (version 16.1.03, Statpoint Technologies, Warrenton, VA, 
USA). Every fermentation experiment consisted of 22.5 mL of medium contained in a 125 
mL baffled Erlenmeyer flask. Each flask was inoculated with 2.5 mL of a 24 h incubated 
test tube. After 48 h of incubation at 170 rpm and 28 °C, 20 mL of ethyl acetate were added 
to each flask and gently stirred. The organic phase was carefully transferred to another 
flask with a glass pipette and the process was repeated. Anhydrous sodium sulfate was 
added to the ethyl acetate solution to remove water, and the solvent was filtered through a 
Whatman No.1 filter paper (Merk®, Darmstadt, Germany). The solvent was removed using 
a rotary evaporator and the dried extract was resuspended in 1.0 mL of MeOH and filtered 
through a syringe filter of 0.45 µm before being injected into the HPLC.     
 
An HPLC method was developed for haterumalide NA quantification in the liquid 
fermentation. A calibration curve and a linear regression model was used for the 
quantification of the compound in the range of concentration of 120 – 1.8 µg/mL (see 
supplementary S4-1). HPLC runs were performed using a reversed-phase Gemini C18 
column (250 × 4.6 mm, 5 μm). Solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in water 
and solvent B was MeCN. The solvent gradient was: initially hold at 5% B, for 3 min, linear 
gradient from 5% to 98% B within 35 min, and then held at 98% B for 5 min, at a flow rate 
of 1.0 mL.min-1. The detection of the compound was performed at 193 nm. 
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Selection of carbon and nitrogen sources 
Glucose, fructose, glycerol, lactose, maltose, sucrose and starch were tested as carbon 
sources in the fermentation of S. marcescens ARP5.1 to assess the yield of haterumalide 
NA. The concentration of the carbon sources was 5 g/L and all of the components of 
minimal medium were kept constant. Three replicates of each experiment were performed 
and the concentration of haterumalide NA was measured by HPLC as described above. 
After selecting the best carbon source based on the maximum yield of haterumalide NA, 
the appropriate concentrations were assessed by testing 0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 
and, 20.0 g/L of the selected carbon source. The same procedure was applied to the 
nitrogen source. In this case, ammonium acetate, casein, ammonium chloride, ammonium 
nitrate, peptone, ammonium sulfate, urea and yeast extract were assessed. The tested 
concentrations of the most appropriate nitrogen source were 0, 2.5, 5.0, 7.5 and 10.0. Every 
fermentation had three replicates. 
 
Plackett-Burman (PB) design 
The candidate variables (9) were screened to identify the most important factors that had a 
significant influence on the yield of haterumalide NA by fermentation of S. marcescens 
ARP5.1 in order to perform further optimization process. Cultivation parameters 
(temperature and initial pH) and medium components (maltose, yeast extract, 
Na2HPO4.2H2O, KH2PO4, MgSO4.7H2O, CaCl2, and NaCl) were used to design the 
Plackett-Burman matrix (Table 4-1). Each row of the matrix was run as an experiment and 
each column was an independent factor in which levels were varied. Each variable was 
evaluated at two levels, a high (+) and a low (-). The levels of each variable were selected 
based on the composition of the minimal medium and previous experiments (C and N 
sources screening). The 9 variables were evaluated by 12 experiments and each 
experiment was performed thrice. 
 
Central Composite Design optimization 
After selecting the three variables to be optimized, according to the PB experiment, CCD 
was performed. Maltose, magnesium and NaCl concentrations were considered. The 
media was set up with different concentration of variables as specified in the design matrix 
(Table 4-2), along with all other nutrients and conditions which were set constant according 
to their influence in the response. 
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4.2.6 Validation of haterumalide NA yield in Erlenmeyer flasks 
and bioreactor 
Optimized conditions according to the model derived from CCD were evaluated to establish 
the accuracy of the model. Erlenmeyer flasks and bioreactor fermentations of S. 
marcescens ARP5.1 were performed. Fermentation conditions were done according to 
chapter 2 (Granada, Ramírez-Restrepo, López-Luján, Peláez-Jaramillo, & Bedoya-Pérez, 
2018). Briefly, a stirred tank bioreactor (New Brunswick, New Jersey, USA) with tank 
volume of 7 L (5 L working volume) and modified minimal medium was used. The bioreactor 
was sterilized before use and inoculated with 500 mL (10% v/v) of a 20 h grown culture of 
the bacterium. Agitation speed and aeration rate were 450 rpm and 1 vvm (volume of air 
per volume of medium per min), respectively. Fermentation was followed up for 96 h at a 
constant temperature of 25 °C. 
Table 4-1. Variables, experimental design and results of the Plackett-Burman experiment for the 
yield of H-NA in liquid fermentation of Serratia marcescens ARP5.1. 
Variables Unit Symbols Variable levels 
-1 level +1 level 
Maltose g/L A 5.0 10.0 
Yeast extract g/L B 2.5 7.5 
Na2HPO4.2H20  g/L C 6.5 10.5 
KH2PO4  g/L D 2.0 4.0 
MgSO4 mM E 1.0 3.0 
CaCl2 mM F 0.5 1.5 
NaCl g/L G 0.3 0.8 
Temperature °C H 25.0 30.0 
Initial pH -- I 6.0 8.0 
 
Run 
Variable levels Yield (mg/L) 
A B C D E F G H I Observed Predicted 
1 1 -1 1 -1 -1 -1 1 1 1 13.57 ± 1.32 9.30 
2 1 1 -1 1 -1 -1 -1 1 1 4.47 ± 0.55 8.75 
3 -1 1 1 -1 1 -1 -1 -1 1 1.01 ± 0.11 3.66 
4 1 -1 1 1 -1 1 -1 -1 -1 19.01 ± 0.52 23.76 
5 1 1 -1 1 1 -1 1 -1 -1 68.95 ± 7.39 64.68 
6 1 1 1 -1 1 1 -1 1 -1 25.83 ± 2.04 23.18 
7 -1 1 1 1 -1 1 1 -1 1 2.25 ± 0.17 -0.40 
8 -1 -1 1 1 1 -1 1 1 -1 22.95 ± 11.44 27.23 
9 -1 -1 -1 1 1 1 -1 1 1 6.52 ± 0.89 2.25 
10 1 -1 -1 -1 1 1 1 -1 1 35.99 ± 4.94 40.26 
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11 -1 1 -1 -1 -1 1 1 1 -1 11.01 ± 0.34 13.66 
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 16.84 ± 5.18 18.31 
 
Table 4-2. Independent variables selected for central composite design and results of the yield of 
H-NA in liquid fermentation of Serratia marcescens ARP5.1. 
Variables Unit Symbols Variable levels 
-α level -1 level 0 level +1 level +α level 
Maltose g/L A 1.59 5.00 10.00 15.00 18.40 
MgSO4 mM B 0.64 2.00 4.00 6.00 7.40 
NaCl g/L C 0.16 0.50 1.00 1.50 1.84 
 
Run 
Variables Yield (mg(L) 
A B C Experimental Predicted 
1 +1 +1 +1 68.14 68.42 
2 +1 -1 -1 68.71 66.21 
3 0 +α 0 68.33 67.25 
4 -1 -1 -1 69.18 69.19 
5 +α 0 0 57.17 55.41 
6 -1 +1 +1 51.89 54.69 
7 0 -α 0 66.44 67.30 
8 -α 0 0 45.02 46.37 
9 0 0 -α 61.97 63.97 
10 0 0 +α 56.37 53.94 
11 +1 -1 +1 49.11 52.30 
12 -1 -1 +1 51.19 49.24 
13 +1 +1 -1 58.16 60.40 
14 -1 +1 -1 55.61 52.72 
15 0 0 0 51.09 56.72 
16 0 0 0 64.47 56.72 
17 0 0 0 55.71 56.72 
18 0 0 0 55.75 56.72 
19 0 0 0 56.51 56.72 
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4.2.7 Effect of haterumalide NA on Phytophthora cinnamomi, P. 
palmivora and P. nicotianae 
Attributes related with the mode of action of haterumalide NA were assessed: 1. Hyphal 
damage, 2. zoospore release, 3. zoospore motility, 4. inhibition of zoospores, and 5. 
suppression of the production of resistance structures were studied. Sporangia stimulation 
was performed in carrot agar and zoospores suspensions were achieved by cold-shock at 
4°C for 1h, followed by 30 min at 23°C. Light and ultraviolet microscopy was employed 
using a fluorescence microscope Eclipse Ni-e equipped with the fluorescence module Cool 
LED pE-300, the camera Nikon DS-Ri2 and the software Nis-elements (Nikon Instruments 
Europe B.V., Amsterdam, The Netherlands). The samples were stained with calcofluor 
white dye and propidium iodide at final concentrations of 0.2 and 0.1 µg/mL, respectively. 
Ten µL of the stained samples were placed in a Neubauer chamber and examined under 
the microscope. Non-viable zoospores were examined under excitation and emission 
wavelengths of 480 and 500 nm respectively, with a 525 nm filter and hyphae and sporangia 
were observed under excitation and emission wavelengths of 300 and 430 nm, respectively, 
with a 409 nm filter. The whole area of the Neubauer chamber was counted per sample.  
 
Additionally, flow cytometry was used to perform a population analysis of inhibition of 
zoospores with the help of a flow cytometer (LSRFortessa, BD Biosciences). Propidium 
iodide (PI), at final concentration of 1 µg/mL, was used to detect lack of integrity of cell 
membrane of zoospores and DIOC6(3), at a final concentration of 2 µg/mL, was used to 
detect mitochondrial membrane potential (Restrepo, Varela, Duque, Gómez, & Rojas, 
2019). The samples were excited using a 488 nm solid phase laser, and fluorescence from 
PI and DiOC6 were detected at 630/30 nm and 530/30 nm, respectively. Ten thousand 
events were evaluated per sample. 
4.2.8 Statistical analysis 
Assumptions of normality of the residuals and homogeneity of variances of data were 
evaluated using Shapiro-Wilk and Levene tests, respectively. When assumptions were not 
valid a Kruskal-Wallis followed by a Dunn´s multiple comparison test were performed. 
Otherwise, ANOVA followed by a Tukey test was used. The analyses were done at a 
significant level of p=0.05 using the R studio software. 
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4.3 Results 
The strain Serratia sp. ARP5.1 was identified to species level as Serratia marcescens with 
a 99% probability and an excellent confidence level (see Supplementary S4-1 for 
biochemical details and resistance profile). 
4.3.1 Separation, purification and structural elucidation of 
bioactive compounds 
A bioguided approach was performed to separate and purify bioactive metabolites from 
Serratia marcescens ARP5.1 extract. The complete separation and purification scheme is 
described in detail in supplementary S4-1. Briefly, 20 fractions were collected from an open 
silica gel column. After checking profiles through HPLC, the 20 fractions were pooled 
together into three fractions. Fractions 1 and 2 showed high inhibitory activity against the 
target phytopathogens C. gloeosporioides and P. cinnamomi. The first active fraction was 
suitable for a preparative HPLC run. A pure compound C1 was purified. The second fraction 
was submitted to a C18 open column fractionation, where 25 fractions were HPLC checked 
and pooled together into three fractions. Only the second pooled fraction showed a 
significant inhibitory activity and was suitable for a preparative HPLC run. Five peaks were 
collected and only two of them showed inhibitory activity (C2 and C3). The three isolated 
compounds were checked by HPLC for purity and submitted to Liquid Chromatography 
coupled to High Resolution Mass Spectrometry (LC-HRMS) and to NMR. Table 4-3 shows 
the molecular weight and possible molecular formula of the three isolated compounds. The 
identity of the compounds was fully elucidated using NMR analysis. The three compounds 
consistently corresponded to serratamolide A, prodigiosin and haterumalide NA (Table 4-
4, Fig. 4-1). For full NMR assignation and spectral data see supplementary S4-3, S4-4, S4-
5. 
Table 4-3. High resolution mass spectrometry data of pure compounds isolated from the extract of 
Serratia marcescens ARP5.1. 
Pure 
compound 




C1 515.3258 C26H46N2O8 Serratamolide A 0.777 
C2 324.1993 C20H25N3O Prodigiosin -1.547 
C3 471.1711 C23H31ClO8 Haterumalide NA 0.850 
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Table 4-4. Proton and carbon Nuclear magnetic resonance data for haterumalide NA, prodigiosin 
and serratamolide A, obtained at 600 MHz with samples dissolved in chloroform-d (CDCl3). 
Carbon 
position 
Haterumalide NA Prodigiosin Serratamolide A 
δ13C 
(ppm) 
δ1H (ppm) δ13C 
(ppm) 
δ1H (ppm) δ13C 
(ppm) 
δ1H (ppm) 
1 133.89 -- 117.7 6.92 169.63 -- 
2 125.56 5.19 127.68 7.23 40.48 2.64, 2.41 
3 37.93 2.7, 1.47 122.02 -- 72.35 5.32 
4 76.95 3.92 111.9 6.35 110.01 -- 
5 27.75 2.39, 1.41 148.42 -- 54.61 4.6 
6 34.78 2.49, 2.15 121.05 -- 63.14 4.19, 3.84 
7 26.68 3.5, 2.52 166.05 -- 32.38 1.7 
8 129.89 5.65 93.24 6.08 25.81 1.28 
9 133.1 -- 116.11 6.95 29.21 1.28 
10 67.47 5.75 125.52 -- 29.24 1.28 
11 37.88 2.77, 2.09 58.72 3.99 31.82 1.28 
12 170.37 -- 146.65 -- 22.64 1.28 
13 75.69 5.31 128.51 -- 14.09 0.88 
14 18.26 1.86 129 6.68   
15 82.81 4.04 12.19 2.42   
16 66.68 4.59 25.35 2.37   
17 129.32 5.54 29.81 1.52   
18 132 -- 31.43 1.31   
19 44.4 3.08 22.5 1.31   
20 173.97 2.51 14.03 0.88   
21 17.5 1.86     
22 168.1 --     
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Figure 4-1. Chemical structures of haterumalide NA, prodigiosin and serratamolide A (for full NMR 
assignation and spectral data see supplementary S4-3, S4-4 and S4-5). 
4.3.2 Assessment of biological activity of pure compounds 
The inhibitory activity of the pure compounds was tested against C. gloeosporioides and P. 
cinnamomi. As shown in Table 4-5, activity of serratamolide A against both pathogens was 
weak, while the activity of haterumalide NA against P. cinnamomi was considerably high. 
In the case of prodigiosin, the inhibitory activity was intermediate for a natural product. 
 
Table 4-5. Minimal inhibitory concentration of serratamolide, prodigiosin and haterumalide NA 
against C. gloeosporioides and P. cinnamomi. 
Compound 
MIC (µg/mL) 
C. gloeosporioides P. cinnamomi 
Serratamolide A 80 80 
Prodigiosin 6.25 6.25 
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4.3.3 Overproduction of haterumalide NA 
The high inhibitory activity of haterumalide NA against P. cinnamomi motivated the 
performance of a liquid medium optimization of the biosynthesis of this compound. The 
optimization focused on overproducing haterumalide NA, therefore only this compound was 
quantified after each fermentation using HPLC. Nevertheless, the production of other 
congeners could also be altered (Matilla, Leeper, & Salmond, 2015; Takada et al., 1999). 
 
Table 4-6. Evaluation of the effect of carbon sources, nitrogen sources and different concentrations 
of each substrate in the yield of haterumalide NA using the “one factor at a time” approach. Values 
are the average of three replicates ± standard deviation. Different letters indicate statistical 
significance at a p<0.05. 
Carbon sources 
C source* Yield (mg/L)   Maltose (g/L)* Yield (mg/L) 
Fructose 5.09 ± 0.46 ab  0.0 ND 
Glucose 4.10 ± 0.44 ab  2.5 2.02 ± 0.28 c 
Glycerol 4.49 ± 1.46 ab  5.0 4.70 ± 0.80 bc 
Lactose 0.23 ± 0.20 b  7.5 6.47 ± 0.55 abc 
Maltose 8.79 ± 0.58 a  10.0 7.60 ± 0.73 abc 
Sucrose ND  12.5 7.07 ± 1.15 ab 
Starch 0.41 ± 0.30 b  15.0 8.86 ± 0.61 a 
            20.0 8.52 ± 0.33 ab 
Nitrogen sources 
N source ǂ** Yield (mg/L)   Yeast Ext. (g/L)** Yield (mg/L) 
Ammonium acetate 2.56 ± 0.04 d  0.0 2.93 ± 0.36 e 
Casein 10.95 ± 0.35 b  2.5 27.58 ± 1.75 a 
Ammonium chloride 8.41 ± 1.28 bc  5.0 17.73 ± 0.93 b 
Ammonium nitrate 7.28 ± 0.27 c  7.5 11.29 ± 1.20 c 
Peptone 5.82 ± 0.90 c  10.0 6.74 ± 1.15 d 
Ammonium sulfate 5.92 ± 0.41 c       
Urea 1.81 ± 0.35 d       
Yeast extract 34.68 ± 2.01 a             
ND = not detected. *Kruskal-Wallis followed by a Dunn´s multiple comparison test. 
**ANOVA followed by a Tukey test. ǂ Log transformation of data was performed to meet 
normality and homoscedasticity criteria. 
 
Screening of optimal carbon and nitrogen sources: the selection of an appropriate 
carbon and nitrogen source, and the appropriate concentration of each of them was carried 
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out using “one factor at a time” approach. As illustrated in Table 4-6, the best carbon and 
nitrogen sources were maltose and yeast extract at 1 and 0.25 %, respectively. 
 
Plackett-Burman design: PB design was used to determine the relative importance of 
cultivation parameters and medium components in the production of haterumalide NA. The 
three most significant variables were initial I:pH, A: maltose and E: MgSO4.7H2O, in that 
specific order, where initial pH showed a negative effect in the yield. Additionally, other 
variables that showed significant effect in the yield were G: NaCl, H: temperature, and C: 
Na2HPO4.2H2O. Conversely, variables F: CaCl2, D: KH2PO4 and B: yeast extract showed 
to be few or not significant (Fig. 4-2). The yield in the 12 experiments are shown in Table 
4-1 and the ANOVA of the model is presented in Table 4-7. 
 
 
Figure 4-2. Pareto chart of standardized effects on haterumalide NA production. The chart has a 
vertical line (i.e., standardized effect = 2.068) at the critical 𝑡-value for 𝛼 of 0.05. The bars are shown 
in order of the size which is correlated with the influence of the factor in the yield. A: maltose, B: 
yeast extract, C: Na2HPO4.2H2O, D: KH2PO4, E: MgSO4.7H2O, F: CaCl2, G: NaCl, H: temperature 
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Table 4-7. Analysis of variance of Plackett-Burman design. 




F-value P value 
A:Maltose 2767.65 1 2767.65 63.68 0.000* 
B:Yeast 
extract 
14.39 1 14.39 0.33 0.570 
C:Na2HPO4 935.69 1 935.69 21.53 0.000* 
D:KH2PO4 80.03 1 80.03 1.84 0.187 
E:MgSO4 1930.36 1 1930.36 44.42 0.000* 
F:CaCl2 213.52 1 213.52 4.91 0.036* 
G:NaCl 1399.31 1 1399.31 32.20 0.000* 
H:Temperature 1086.33 1 1086.33 25.00 0.000* 
I:Initial pH 2862.62 1 2862.62 65.87 0.000* 
Residual 6.59 24    
Corrected total 12334.9 35    
R2 = 0.9154      
* Indicates that the model term is significant. 
 
The first order polynomial model describing the correlation between the 9 variables and the 
haterumalide NA yield (response) fits to the following equation:  
Y(mg/L) = 158.6 + 3.59 A – 1.035 B – 2.446 C + 1.697 D + 21.47 E - 401.7 F + 17.12 G - 2.979 H - 10.87 I 
 
Central Composite Design optimization 
The combined effect of the three significant factors that positively affected the production 
of haterumalide NA according to PB design was studied and optimized by a CCD with 19 
experiments, five of them being replicates of the central point. The factors studied by the 
PB design that were not significant or negatively affected the yield of haterumalide NA were 
kept constant at their lower point (yeast extract = 2.5 g/L, Na2HPO4.2H2O = 6.5 g/L, KH2PO4 
= 3 g/L, CaCl2 = 0.05 mM, temperature = 25°C and initial pH = 6). The yield of haterumalide 
NA in each of the runs and the predicted values are shown in Table 4-2. Regression 
analysis of the data was performed for testing the adequacy of the proposed quadratic 
model and the following second-order polynomial equation was derived: 
 
Y(mg/L) = 105.631 + 1.31 A - 16.90 B - 41.66 C - 0.12 A2 + 0.37 AB + 0.22 AC + 0.80 B2 + 7.39 BC + 2.82 C2 
 
Where Y is the predicted response for haterumalide NA in mg per liter, A, B and C are the 
codes for variables maltose, MgSO4 and NaCl, respectively. For a good statistical model R2 
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value should be close to 1.0, where a value >0.75 indicates the aptness of the model 
(Niladevi, Sukumaran, Jacob, Anisha, & Prema, 2009). In this case, the model had an R2 
value of 0.8433 indicating a good correlation between observed and predicted responses. 
The ANOVA of the model is presented in Table 4-8. 
 
Table 4-8. Analysis of variance of Central Composite Design. 
Source Sum of 
squares 
DF Mean squares F-value P value 
A:Maltose 98.54 1 98.54 5.81 0.039* 
B:Mg 0.11 1 0.11 0.01 0.938 
C:NaCl 121.58 1 121.58 7.17 0.025* 
AA 58.08 1 58.08 3.42 0.097 
AB 56.98 1 56.98 3.36 0.100 
AC 18.27 1 18.27 1.08 0.326 
BB 186.53 1 186.53 11.00 0.009* 
BC 240.35 1 240.35 14.17 0.005* 
CC 8.57 1 8.57 0.51 0.495 
Residual -0.60 9    
Corrected total 974.57 18      
R2 = 0.8433      
* Indicates that the model term is significant. 
 
The interaction of the three independent variables on haterumalide NA yield was assessed 
by surface plots (Fig. 4-3). Maltose demonstrated to have the highest impact on 
haterumalide NA yield; however, a saturation point is observed around 6.6 g/L. 
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Figure 4-3. Response surface for haterumalide NA yield (mg/L) in liquid fermentation of S. 
marcescens ARP5.1 according to the experimental design and model in Table 4-2. The three-
dimensional plot shows the influence of (A) maltose and MgSO4, (B) maltose and NaCl, and (C) 
MgSO4 and NaCl. 
 
4.3.4 Validation of the model of haterumalide NA yield at 
Erlenmeyer scale and bioreactor 
The optimal values of the three most important factors suggested by the model derived 
from CCD  were validated in Erlenmeyer flasks and bioreactor, i.e., 6.6 g/L maltose, 0.64 
mM MgSO4, and 0.16 g/L NaCl. The five replicates of the fermentations at the above 
mentioned conditions showed an average yield of 71.4 ± 6.9 mg/L of haterumalide NA, 
which showed a relative error from the predicted value (92.1 mg/L) of 22.5%. Although 
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concentrations of the variables were reasonably optimized with respect to the higher result 
from PB (-34% maltose, -78% MgSO4, -78% NaCl and all other factors were minimized), 
the yield of haterumalide NA did not increase from the highest point of all the CCD runs. 
 
A product inhibitory effect was hypothesized as the limiting factor for yield increase. To 
study the possible product inhibitory effect on S. marcescens ARP5.1, several 
concentrations of haterumalide NA and the full extract with known content of haterumalide 
NA were put into contact with the bacterium in a microplate plate experiment. None of the 
tested concentrations of pure haterumalide NA showed inhibition of the bacterium. 
Conversely, an average increase in the growth of 8.4 ± 4.0 % was observed (negative 
inhibition in Table 4-9). On the other hand, the addition of the extracts with concentrations 
of haterumalide NA around the maximum in the liquid fermentation (54.2 – 108.5 mg/L) 
resulted in an average inhibition of 22.8% in the growth of S. marcescens ARP5.1 at 24 
hours (Table 4-9) (see image in supplementary S4-6). Consequently, the self-inhibitory 
effect of other molecules produced by S. marcescens ARP5.1 might explain why 
haterumalide NA yield did not increase at Erlenmeyer flask scale. 
Table 4-9. Self-inhibition test on S. marcescens ARP5.1. Pure haterumalide NA and extract with 
known haterumalide NA concentrations were assessed. Values ± standard deviation. 
 
Bioreactor validation showed a significant and unexpected increase in the yield of 
haterumalide NA of 129.0 ± 2.6 mg/L at 48 h, which kept constant until 96 h (Fig. 4-4). It is 
worth noting that the bioreactor conditions seemed to favor haterumalide NA biosynthesis 
instead of other molecules that were produced in agitated flask conditions. As observed in 
Fig. 4-5, the size of the peak corresponding to haterumalide NA is smaller in the extract 
from Erlenmeyer flask validation. Moreover, other peaks (possible haterumalide NA 
Pure haterumalide NA 
(mg/L) % Inhibition 
Haterumalide NA in the 
extract of S. marcescens 
ARP5.1 (mg/L) 
% Inhibition 
120,0 -9,4 ± 3,6 108,5 27,9 ± 1,2 
100,8 -12,0 ± 5,1 90,4 25,0 ± 4,2 
84,7 -11,5 ± 4,5 81,3 17,0 ± 5,1 
71,1 -7,3 ± 4,5 72,3 19,5 ± 3,4 
59,7 -8,7 ± 3,7 63,3 23,9 ± 3,4 
50,2 -10,7 ± 3,7 54,2 23,8 ± 5,5 
42,2 -7,7 ± 2,8 45,2 13,6 ± 3,4 
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congeners) are present in this extract. Conversely, the extract from bioreactor showed 
lower levels of the other compounds and haterumalide NA was produced almost exclusively 
regarding other congeners. Therefore, the high increase of the yield in the bioreactor might 
be due to a less pronounced self-inhibitory effect caused by the presence of haterumalide 
congeners.  
 
Figure 4-4. Time course of the validation at bioreactor conditions of the yield of haterumalide NA 
(dashed bars). Fermentation culture conditions were used according to CCD optimization and 
fermentation parameters (agitation speed and aeration rate) as previously described in chapter 2 
(Granada et al. 2018). The horizontal black line demarks the maximum concentration obtained at 
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Figure 4-5. Chromatogram of the extracts from S. marcescens ARP5.1. (A) Validation at Erlenmeyer 
flask scale, and (B) validation at bioreactor conditions (48 h). 
 
4.3.5 Inhibitory activity of haterumalide NA against P. nicotianae 
and P. palmivora 
The ranges of the minimal inhibitory concentrations of haterumalide NA and three 
commercially available products were assessed on P. cinnamomi, P. nicotianae and P. 
palmivora (Table 4-10). Haterumalide NA demonstrated to have a comparatively low MIC 
against all the tested Phytophthora species. 
 
Table 4-10. Minimal inhibitory concentrations (MIC) of haterumalide NA and three commercially 
available products against Phytophthora cinnamomi, Phytophthora palmivora and Phytophthora 
nicotianae. 
  Minimum inhibitory concentration (µg/mL) 
  P. cinnamomi P. palmivora P. nicotianae 
Haterumalide NA 0.01 - 0.1 0.01 - 0.1 0.01 - 0.1 
Metalaxyl + mancozeb 0.1 - 1 0.1 - 1 1 - 10 
Pyraclostrobin 0.01 - 0.1 0.1 - 1 0.1 - 1 
Fosetyl aluminium 10 - 100 10 - 100 10 - 100 
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4.3.6 Effect of haterumalide NA on Phytophthora cinnamomi, P. 
palmivora and P. nicotianae 
After checking oomycide activity of haterumalide NA against three Phytophthora species, 
attributes related with the mode of action of the molecule were assessed, namely: hyphal 
damage, zoospore release, zoospore motility, inhibition of zoospores, and suppression of 
the production of resistance structures.  
 
Hyphal damage: a loopful of each strain was put in contact with a water solution of the 
treatment. No evidence of structural damage in the hyphae of P. cinnamomi, P. nicotianae 
or P. palmivora was observed in a period of 6 hours, even at concentrations much higher 
than the MIC (1, 3 and 20 µg/mL) (Fig. 4-6). Microscope observations did not show any 
abnormal appearance. However, it was not possible to determine the viability of treated 
hyphae by fluorescence microscopy in any of the three species due to the high uptake of 
propidium iodide (PI) by the untreated viable hyphae (Fig. 4-6C). Micrographies of P. 
palmivora and P. nicotianae are shown in supplementary S4-7 and S4-8. 
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Figure 4-6. Microscopic analysis of Phytophthora cinnamomi by the light and fluorescence 
microscope. (A) healthy mycelia and cellular structures compared to control (not shown). (B) Mycelia 
stained with calcofluor white showing chlamydospores (chl). (C) Mycelia stained with propidium 
iodide showing sporangia (S) and a germinated chlamydospore (germ. chl). (D) Merged image. 
 
Zoospores release: the percentage of empty sporangia were determined to establish the 
possible influence of haterumalide NA in the release of zoospores by P. cinnamomi, P. 
nicotianae and P. palmivora. Haterumalide NA demonstrated to induce the release of 
zoospores in the three species since significant differences were observed between the 
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Figure 4-7. Micrographies of empty and full sporangia from Phytophthora palmivora (Pp), 
Phytophthora nicotianae (Pn) and Phytophthora cinnamomi (Pc).  The chart shows the percentage 
of empty sporangia in the three Phytophthora species with and without haterumalide NA treatment. 
Asterisk indicates statistically significant differences by a T test (p<0.05). 
Zoospores motility: Since the production of sporangia in P. cinnamomi was performed by 
stimulation with non-sterile soil extract, the high content of interfering microbes made it 
difficult to determine the affectation of the zoospores from P. cinnamomi. Therefore, the 
effect of haterumalide NA was tested against zoospores of P. nicotianae and P. palmivora. 
The qualitative motility of zoospores after treatment with haterumalide NA was measured 
along with three additional treatments with commercially available products (metalaxyl-
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Table 4-11. Effect of different active principles on the zoospore motility in Phytophthora palmivora 
and Phytophthora nicotianae over time. “+” means high motility, “±” medium motility, “-“ no motility. 
 P. palmivora P. nicotianae 
Treatment 
Time (h) Time (h) 
0 1 3 6 0 1 3 6 
Control + + ± ± + + ± ± 
Haterumalide NA + ± ± ± + ± ± ± 
Metalaxyl + mancozeb + ± ± ± + ± ± ± 
Pyraclostrobin + - - - + - - - 
Fosetyl aluminum + + ± ± + + ± ± 
 
Inhibition of zoospores: the viability of zoospores was assessed by fluorescence 
microscope observations followed by flow cytometry. In the non-motile zoospores 
(encysted) the percentage of viable, dead and germinated zoospores were determined. 
Dead cysts strongly stained with PI as well as some germinated zoospores, while viable, 
encysted zoospores and germinating zoospores only stained blue with CW (Fig. 4-9). 
Figure 4-8 shows the results of the counting by fluorescence microscope. No significant 
differences were observed in P. nicotianae, while slight differences were found in the 
number of dead zoospores of P. palmivora treated with haterumalide NA. Although total 
number of zoospores of P. palmivora significantly reduced in the haterumalide NA 
treatment. 
 
Figure 4-8. Number of zoospores of Phytophthora palmivora (Pp) Phytophthora nicotianae (Pn) 
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fluorescence microscope. Zoospores counted as dead were stained in red by propidium iodide. 
Asterisk indicate statistically significant differences by a T test (p<0.05). 
 
Figure 4-9. Microscopic observations of zoospore from Phytophthora nicotianae (A) and 
Phytophthora palmivora (B) treated with haterumalide NA (4 h). Germinated, viable zoospores 
(germ. Z) and non-germinated, encysted, viable zoospores (Cyst. Z.) are stained in blue. Dead 
zoospores (Dead Z.) are stained in red. 
Table 4-12. Flow cytometry analysis of zoospores from Phytophthora nicotianae and Phytophthora 







P. nicotianae Control 69.0 33.3 
Fosetyl-Al 62.7 39.7 
Pyraclostrobin 68.4 33.8 
Metalaxyl+mancozeb 68.0 34.6 
Haterumalide NA 60.7 41.9 
P. palmivora Control 85.3 15.5 
Fosetyl-Al 84.1 16.7 
Pyraclostrobin 85.3 15.5 
Metalaxyl+mancozeb 85.1 15.7 
Haterumalide NA 84.8 15.8 
 
Flow cytometry analysis showed similar results than microscopic observations, since no 
evidence of high percentage of dead zoospores were observed in any of the treatment 
(Table 4-12). Ten thousand events (cells) were measured and only haterumalide NA 
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showed a slightly higher percentage of cells with damage in cell membrane (Fig. 4-10). 
However, none of the treatments evaluated demonstrated high biocide effect against 
zoospores. 
 
Figure 4-10. Histograms of zoospores from Phytophthora nicotianae with and without haterumalide 
NA obtained by flow cytometry using DIOC6(3) and propidium iodide. 
Suppression on the production of resistance structures: P. cinnamomi, P. palmivora 
and P. nicotianae were grown in carrot agar with and without haterumalide NA treatment at 
concentrations half their MIC. P. nicotianae and P. palmivora did not show any difference 
in the production of resistance structures compared with the control. However, radial growth 
of the three strains was partially inhibited, especially in P. cinnamomi. Moreover, P. 
cinnamomi treated with haterumalide NA did not produce any resistance structures and its 
hyphae were dramatically affected (Fig. 4-11).  
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Figure 4-11. Mycelia, hyphae and resistance structures of Phytophthora cinnamomi, Phytophthora 
nicotianae and Phytophthora palmivora with and without haterumalide NA treatment. Upper picture 
in the left shows swelling hyphae of P. cinnamomi. 
 
4.4 Discussion 
4.4.1 Compounds and bioactivity 
Serratia marcescens ARP5.1, a promising bacterial strain for the control of avocado 
pathogens, was selected in the screening of 667 bacteria (Chapter 2 (Granada et al., 2018)) 
and was studied to establish the nature, chemical characteristics and biological activity of 
some of its metabolites.  Serratamolide A, prodigiosin and haterumalide NA were isolated 
by a bioguided manner, using P. cinnamomi and C. gloeosporioides as bioactivity 
indicators. Thereafter, the compounds were purified and structurally elucidated. 
Serratamolide A, a cyclodepsipeptide also known as serrawettin W1, has been reported as 
biosurfactant (Clements, Ndlovu, Khan, & Khan, 2019), and as antimicrobial, antitumor and 
plant protector compound (Kadouri & Shanks, 2013; Su et al., 2019). Serratamolide A is 
produced by a non-ribosomal peptide synthetase and its interesting properties motivated 
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its heterologous expression in E. coli (Thies et al., 2014). Prodigiosin is a red pigment 
typically observed in many Serratia marcescens strains, but also produced by different 
genera of microbes (Feng, Hu, & Wang, 2019). It has been highlighted by its industrial and 
pharmaceutical applications due to the diverse bioactive effects (Yip, Yarkoni, Ajioka, Wan, 
& Nathan, 2019; You, Liu, Zhang, & Wang, 2018). Moreover, optimization processes for 
prodigiosin production have been reported (Elkenawy, Yassin, Elhifnawy, & Amin, 2017). 
On the other hand, haterumalide NA has been reported as antimicrobial and antitumor 
compound, and as a plant protector against oomycete (Matilla, Stockmann, Leeper, & 
Salmond, 2012; Patent No. US 2003.0049230A1, 2003; G. Strobel et al., 1999). Recent 
publications have focused on unveiling biosynthesis pathway (Matilla et al., 2015) and 
chemical synthesis of this compound (Heinrich et al., 2018; Ueda et al., 2009). However, to 
our knowledge, this is the first time that an optimization process for haterumalide NA 
biosynthesis is presented. 
4.4.2 Haterumalide NA optimization 
A successful optimization process of the yield of haterumalide NA in S. marcescens ARP5.1 
liquid fermentation was carried out. PB experiments demonstrated that 3 out 9 variables 
were not only significant, but also worth to be submitted to further optimization process by 
CCD. Variables that were not significant or negatively impacted yield were lowered to their 
minimal values, rendering a more economic process. The model derived from CCD showed 
a good correlation between observed and predicted responses of haterumalide NA yield; 
however, validation presented a relative error of 22.5% with respect to the predicted 
optimized value. This difference was attributed to a self-inhibition effect of the haterumalide 
NA, but addition of equivalent amounts of the compound to the bacterium did not affected 
its growth. Conversely, similar amounts of the extract inhibited the bacterium by an average 
of 22.8%, i.e., a close value to the relative error of the predicted value. 
Surprisingly, bioreactor yield rendered close to twice the yield in the Erlenmeyer flasks. 
After comparing the chromatographic profile of both samples, which were processed under 
the same conditions, two less polar compounds presented higher concentrations in the 
sample from Erlenmeyer flasks. The wavelength of detection and ultraviolet spectrum 
indicated possible haterumalide congeners. Interestingly, Takada et al. (1999) isolated and 
structurally elucidated five congeners of haterumalide (haterumalide NA, NB, NC, ND and 
NE) (Takada et al., 1999). Additionally, Levenfors et al. (2004) reported the isolation of four 
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congeners, two of them as novel compounds (haterumalide B and NX). In chapter 2 
((Granada et al., 2018), we detected haterumalide NC by LC-HRMS. Further experiments 
should be performed to accurately determine which compounds are self-inhibiting S. 
marcescens ARP5.1. 
PB design and RSM have been widely employed to optimize the production of microbial 
metabolites. Bedoya et al. (2019) optimized fermentation conditions on three antibiotic 
compounds produced by Pseudomonas aeruginosa LV. The yield of each compound 
increased by 42, 38 and 250 times, respectively, when compared to the initial medium in 
fermentation vessels (Bedoya et al., 2019). A RSM was also applied by Yang et al. 2017 
with a 2.7-fold increase in the production of nocathiacin I, a promising glycosylated 
thiopeptide antibiotic, at 150 L scale (Yang, Zhang, Wu, & Chen, 2017). Taxol, a widely 
known antitumor compound, was also submitted to optimization by RSM. Results of 
optimized culture led to the addition of CuSO4, salicylic acid and sodium acetate to improve 
taxol yield 4-fold (Qiao, Ling, Yu, Huang, & Wang, 2017). In our study, haterumalide NA 
yield in the initial minimal medium (regular composition) was 4.1 ± 0.4 mg/L, whereas the 
final validation in bioreactor conditions rendered a yield of 129.0 ± 2.6 mg/L, which 
represents a 31-fold increment. 
4.4.3 Approach to the mode of action of haterumalide NA 
Results of haterumalide NA inhibitory activity against P. cinnamomi and two additional 
Phytophthora species (P. nicotianae and P. palmivora) presented similar ranges of MICs 
compared with commercially available oomycide active principles (metalaxyl + mancozeb, 
pyraclostrobin and fosetyl-Al) (Table 4-10). Fosetyl-Al, a commonly used oomycide, 
showed particularly low MICs on the three species. However, it has been described that 
these type of phosphite compounds trigger essential components of plant defense 
responses inhibiting the pathogen by an indirect mode of action (Wu et al., 2019). 
Regarding pyraclostrobin, interesting results were observed in the impairing of zoospore 
motility; however, MICs were similar to the other compounds and even lower than 
haterumalide NA. In this perspective, MICs of haterumalides previously reported against 
several fungi and oomycetes are in agreement with our findings (Patent No. US 6,660,263 
B2, 2003). The above mentioned facts and the evidence showed in chapter 3 suggest a 
high potential for this molecule to be tested under field conditions. However, although not 
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mandatory, the fact that no mode of action or molecular target have been reported for this 
compound could be a limiting factor for carrying out further field experiments (Masschelein, 
Jenner, & Challis, 2017). 
Herein, we intended to detect a possible effect or target of haterumalide NA on hyphal 
ultrastructure, zoospore release, zoospore motility, inhibition of zoospores, and 
suppression of the production of resistance structures on three different Phytophthora 
species. Despite the high inhibitory activity of haterumalide NA against the three species in 
the microplate tests, no evident effects on any of the assessed aspects were observed, 
except for hyphal swelling of P. cinnamomi in the resistant structures test. Particularly, 
zoospore or hyphal ultrastructure rupture was not a consequence of the treatment with 
haterumalide NA, which indicates that the compound might not be acting on the cell 
membrane or upsetting the osmotic pressure. For instance, oligochitosan compounds have 
been reported on their capacity to inhibit different stages in the life cycle of Phytophthora 
capsici. However, a comparatively high concentration must be used to completely inhibit 
the pathogen (580 µg/mL) (Xu, Zhao, Han, & Du, 2007). 
Mei et al. (2019) unveiled the mode action of benzothiazole against P. capsici, observing 
not only changes in the transcriptome and proteome, but also induction of apoptosis in 
zoospores and hyphal morphology disorder (Mei et al., 2019). Also on P. capsici, Wang et 
al. (2018) demonstrated the mode of action compound SYP-14288, a diarylamine with a 
wide inhibitory activity against plant pathogens. They found that SYP-14288 was effective in 
vitro against all asexual stages of P. capsici (mycelial 
growth, sporangium formation, zoospore release, cyst germination, and zoospore 
movement). Moreover, using exogenous ATP they showed that SYP-14288 acted as an 
uncoupler of oxidative phosphorylation inhibiting ATP synthesis (Wang et al., 2018). For 
haterumalide NA, evidence were not conclusive; however, further experiments should be 
focused in assessing the hypothesis that the compound might be interfering with a specific 
intracellular molecular target that is essential for the development of the pathogen. 
4.5 Conclusions  
Su et al. (2017) described a unique Serratia strain that produced simultaneously both a 
serratamolide (serrawettin W2) and prodigiosin (Su, Liu, Sun, & Li, 2017). For our strain, S. 
marcescens ARP5.1, we reported de isolation and purification of serratamolide A, 
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prodigiosin and haterumalide NA which demonstrated the biosynthetic potential of the 
strain. The yield levels achieved by the optimization process and the low MICs observed 
against Phytophthora species make haterumalide NA a promising candidate for pilot 
product development and field trials. Nevertheless, new approaches must be undertaken 
to unveil a possible target or mode of action of the compound.  
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5. Conclusions and recommendations 
5.1 Conclusions 
Screening methods and specific interests in control of plant diseases allowed us to select 
one strain (Serratia marcescens ARP5.1) to analyze its behavior on bioactive secondary 
metabolite production. Our results evidenced that oxygen is a determining factor in the 
production of bioactive metabolites such as prodigiosin, serratamolide and haterumalides. 
The best combination of agitation speed and aeration rate was 450 rpm and 1.5 vvm.  
 
The extract from S. marcescens ARP5.1 showed a high potential for the control of both root 
rot infections caused by P. cinnamomi and postharvest body rot infections caused by C. 
gloeosporioides. However, the concentration of the extract must be adjusted to avoid 
toxicity effects on plants. This is also true for postharvest disease control where promising 
results were observed for body rot. The preliminary approach to a commercial formulation 
evidenced that an emulsion could be an appropriate vehicle for the extract to keep its 
biological stability over time. 
 
S. marcescens ARP5.1 demonstrated a high biosynthetic potential regarding secondary 
metabolites. Moreover, this strain produced a particularly highly inhibitory compound 
against three Phytophthora species, previously reported as haterumalide NA. The yield 
levels achieved by the optimization process make haterumalide NA a promising candidate 
for pilot anti-oomycete products and field trials. Nevertheless, new approaches must be 
undertaken to unveil a possible target or mode of action of the compound. 
  




 Specific probes for zoospores should be tested to approach the mode of action of 
haterumalide NA. Moreover, transmission electron microscopy could detect inner 
alterations in the pathogens caused by the compound. 
 
 Preparations of emulsions based on extracts from S. marcescens ARP5.1 at a 
nanoscale could be appropriate to increase the activity. 
 
 A mixture of the extract and commercially available products could be tested in order 
to check synergistic effects. 
 
 Downstream processes could be carried out focusing on isolate and purify the three 
compounds (serratamolide A, prodigiosin and haterumalide NA), since all might be 
of industrial interest.  
 
 Assessing toxicity issues should be a priority before performing high scale trials of 
formulated extracts, especially as a postharvest product for avocado. 
 
 Collaborations with other research groups should be stablished to test additional 













Pc Cg Pc Cg Pc Cg 
FRB002-1 0 1 FRB008-222 0 0 SPB4A1 (2) 0 2 
FRB002-2 0 1 FRB008-223 3 2 CB1A1 (1) 0 2 
FRB002-3 0 1 FRB008-224 0 0 EB6A1  0 2 
FRB002-4 0 1 FRB008-225 0 0 EB3A1 0 2 
FRB003-5 0 0 FRB011-226 0 0 EB3A1 (2)  0 2 
FRB003-6 0 0 FRB011-227 0 0 CB4A1 (2) 0 2 
FRB003-7 2 3 FRB011-228 0 0 CB4A1 (*) 0 3 
FRB003-8 2 2 FRB008-229 0 0 CB2A1 0 2 
FRB003-9 1 3 FRB008-230 0 0 ARP05 0 0 
FRB004-10 0 1 FRB011-231 0 0 ARP07 0 2 
FRB004-11 0 1 FRB011-232 0 1 ARP08 0 2 
FRB004-12 3 3 FRB008-233 0 1 ARP09 0 1 
FRB005-13 2 2 FRB011-234 0 1 ARP10 0 0 
FRB005-14 3 3 FRB011-235 0 1 ARP12 0 0 
FRB002-15 0 2 FRB011-236 0 1 ARP14 0 1 
FRB002-16 0 0 FRB011-237 0 1 ARP15 0 1 
FRB002-17 0 2 FRB011-238 0 1 ARP16 0 2 
FRB002-18 0 0 FRB009-239 0 1 ARP21 0 0 
FRB002-19 0 2 FRB008-240 0 1 ARP23 0 2 
FRB002-20 0 1 FRB008-241 0 1 ARP24 0 0 
FRB002-21 3 2 FRB009-242 2 2 AED03 0 2 
FRB003-22 0 0 FRB009-243 0 1 AED05 0 0 
FRB003-23 0 0 HOB011-244 0 1 AED07.1 0 2 
FRB003-24 1 0 HOB009-245 0 1 AED09 0 1 
FRB003-25 0 0 HOB009-246 0 1 RZ52 0 0 
FRB004-26 0 0 HOB009-247 0 1 RZ63 0 0 
FRB003-27 0 0 HOB011-248 2 1 RZ34 0 0 
FRB005-28 0 0 HOB010-249 2 1 RZ26 0 0 
FRB004-29 0 0 HOB011-250 0 1 RZ46 0 0 
FRB005-30 0 0 HOB011-251 0 1 RZ25 0 0 
FRB004-31 1 0 HOB008-252 0 1 RZ58 0 1 
FRB005-32 2 3 HOB009-253 0 1 RZ31.1 0 0 
FRB004-33 0 0 HOB009-254 2 1 RZ31 0 0 
FRB005-34 0 0 HOB009-255 2 2 RZ41 0 0 
FRB005-35 0 0 HOB008-256 0 1 RZ38 0 0 
FRB005-36 0 0 HOB008-257 0 1 RZ56 0 0 
FRB004-37 0 0 HOB009-258 2 3 RZ22 0 0 
FRB004-38 0 0 HOB008-259 0 1 RZ37 0 0 
FRB002-39 0 0 HOB008-260 0 1 RZ57 0 0 
FRB002-40 0 0 HOB011-261 0 1 RZ39 0 0 
FRB004-41 0 0 HOB011-262 0 1 RZ20 0 0 
FRB004-42 0 0 HOB011-263 0 1 RZ54 0 1 
FRB004-43 0 0 HOB011-264 0 1 RZ62 0 0 
FRB004-44 0 0 HOB010-265 0 1 RZ04 0 0 
FRB002-45 0 0 HOB010-266 0 1 RZ42 0 0 
FRB002-46 0 0 HOB011-267 0 1 RZ42.1 0 0 
FRB004-47 0 0 HOB008-268 0 1 RZ32 0 0 
FRB004-48 0 0 HOB009-269 0 1 RZ24 0 0 
FRB004-49 0 0 HOB009-270 0 1 ED21 0 1 
FRB004-50 0 0 HOB009-271 0 1 ED05 0 0 
FRB003-51 0 0 HOB009-272 2 1 ED08 0 0 
FRB003-52 0 0 HOB008-273 0 1 ED20 0 0 
FRB004-53 0 0 HOB011-274 0 1 ED10.1 0 1 
FRB004-54 0 0 HOB008-275 0 1 ED29 0 0 
FRB004-55 0 0 HOB008-276 2 1 RZ01 0 0 
FRB003-56 0 0 HOB010-277 0 1 ED21.1 0 0 
FRB003-57 0 0 HOB010-278 0 1 ED12 0 0 
FRB003-58 0 0 HOB010-279 0 1 ED22 0 0 
FRB004-59 0 0 HOB008-280 0 1 RCF16.1 0 1 
FRB004-60 0 0 HOB008-281 0 1 RSF14.1 0 0 
FRB003-61 0 0 HOB008-282 0 1 ESF24 0 0 
HOB002-62 0 0 HOB009-283 0 1 ESF30 0 0 
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HOB002-63 0 0 HOB009-284 0 1 ESF06 0 0 
HOB004-64 0 0 HOB011-285 0 1 RCF26 0 0 
HOB003-65 0 0 HOB009-286 0 1 RSF06 0 0 
HOB003-66 0 0 HOB008-287 0 1 ESF03 0 1 
HOB003-67 0 0 HOB008-288 0 1 ESF02.1 0 0 
HOB002-68 0 0 HOB008-289 0 1 ESF02.1.1 0 0 
HOB003-69 0 0 HOB008-290 3 3 ESF07 0 1 
HOB003-70 0 0 HOB008-291 0 1 RCF17 0 0 
HOB003-71 0 0 HOB009-292 0 1 RCF24 0 0 
HOB002-72 2 3 HOB011-293 0 1 RSF09 0 0 
HOB004-73 0 0 HOB011-294 0 1 ECF19 0 3 
HOB002-74 0 0 HOB011-295 0 1 ESF08 0 0 
HOB002-75 0 0 HOB011-296 0 1 RSF04 0 0 
HOB002-76 0 0 HOB011-297 0 1 RSF14 0 0 
HOB003-77 0 0 HOB008-298 0 1 ECF27 0 0 
HOB003-78 0 0 HOB010-299 0 1 RSF07 0 0 
HOB002-79 0 0 HOB010-300 0 1 ESF01 0 0 
HOB002-80 0 0 HOB010-301 0 1 ESF12.1 0 0 
HOB004-81 0 0 HOB009-302 0 3 RCF18 0 0 
HOB002-82 0 0 HOB009-303 0 1 RCF21 0 0 
HOB004-83 0 0 HOB010-304 0 1 ECF28.1 0 0 
HOB002-84 0 0 HOB010-305 0 1 RCF23.1 0 0 
HOB002-85 0 0 HOB010-306 0 1 RCF25 0 0 
HOB002-86 0 0 HOB010-307 0 1 ESF11 0 0 
HOB002-87 0 0 HOB010-308 1 1 RCF21.1 0 0 
HOB002-88 0 0 HOB010-309 0 1 RSF15 0 0 
HOB003-89 0 0 HOB009-310 0 1 RCF22 0 0 
HOB002-90 0 0 HOB009-311 0 1 ESF17 0 0 
HOB002-91 0 0 HOB009-312 0 1 ESF14 0 1 
HOB002-92 0 0 HOB009-313 0 1 RSF08.1 0 0 
HOB003-93 0 0 HOB010-314 0 1 RSF02 0 0 
HOB002-94 0 0 HOB010-315 0 1 ECF29 0 0 
HOB002-95 0 0 HOB010-316 0 1 RSF10 0 0 
HOB002-96 0 0 HOB009-317 0 1 ECF21 0 1 
HOB003-97 0 0 HOB002-318 0 1 ECF29.1 0 0 
HOB002-98 0 0 HOB010-319 0 1 ESF15 0 0 
HOB004-99 2 2 HOB010-320 0 1 ESF09 0 1 
HOB004-100 0 0 HOB010-321 0 1 ESF09.1 0 0 
HOB004-101 0 0 HOB009-322 0 1 ECF23.1 0 0 
HOB003-102 0 0 HOB010-323 0 1 RCF19 0 0 
HOB003-103 0 0 HOB010-324 0 1 ESF16 0 1 
HOB003-104 0 0 HOB009-325 0 1 RSF15.1 0 0 
HOB003-104 0 0 HOB009-326 0 1 ECF18 0 2 
HOB003-105 0 0 HOB010-327 0 1 ESF04 0 0 
HOB003-106 0 0 HOB004-328 0 1 ESF10 0 0 
HOB003-107 0 0 HOB010-329 0 1 RSF12.1 0 0 
HOB002-108 0 0 HOB010-330 0 1 RCF23 0 0 
HOB002-109 0 0 HOB010-331 0 1 AED01  1 0 
HOB003-110 3 3 FRB0006-332 0 1 AED07  3 3 
HOB002-111 0 0 FRB0006-333 0 1 AED10  1 0 
HOB004-112 0 0 FRB0006-334 0 1 RZ64 1 0 
HOB004-113 0 0 FRB0006-335 0 1 RZ53 1 0 
HOB004-114 0 0 FRB0006-336 0 1 RZ08 1 0 
HOB002- 115 0 0 FRB0006-337 0 1 RZ51 1 0 
HOB002-116 0 0 FRB0006-338 0 1 RZ17 1 1 
HOB002-117 0 0 FRB0006-339 0 1 RZ45 1 0 
HOB002-118 0 0 HOB017 a21-340 3 3 RZ14 1 0 
HOB002-119 0 0 HOB017 a21-341 0 1 RZ40 1 0 
HOB002-120 0 0 HOB014 a16-342 0 1 RZ59 1 3 
HOB002-121 0 0 HOB017 a21-343 0 1 RZ12 1 0 
HOB002-122 0 0 HOB012 a13-344 0 1 RZ10 1 3 
HOB002-123 0 0 HOB012 a13-345 0 1 RZ07 1 1 
HOB002-124 0 0 HOB006-346 3 3 RZ44.1 1 0 
HOB002-125 0 0 HOB012 a13-347 0 1 RZ23 1 0 
HOB002-126 0 0 HOB014 a16-348 0 1 RZ60 1 0 
HOB002-127 0 0 HOB014 a16-349 0 1 RZ05 1 0 
HOB002-128 0 0 HOB014 a16-350 0 1 ED03 1 0 
HOB002-129 0 0 HOB014 a16-351 0 1 ED09 1 3 
HOB002-130 0 0 FLB0020-352 0 1 ED25 1 0 
HOB002-131 0 0 FLB0020-353 0 1 ED28 1 0 
HOB002-132 0 0 FLB0014-354 0 1 ED24 1 0 
HOB004-133 0 0 FLB0020-355 0 1 ED10 1 0 
HOB004-134 0 0 FLB0020-356 0 1 ED17 1 0 
HOB002-135 0 0 FLB0018-357 0 1 ED18 1 0 
HOB003-136 0 0 FLB0014-358 0 1 ED11 1 0 
HOB002-137 0 0 FLB0020-359 0 1 ED19 1 1 
HOB002-139 0 0 FLB0014-360 0 1 ED26 1 1 
HOB002-140 0 0 FLB0014-361 0 1 ED15 1 2 
HOB003-141 0 0 FLB0020-362 0 1 ED06 1 0 
HOB002-142 0 0 FLB0020-363 0 1 ESF16.1 1 0 
HOB002-143 0 0 FLB0020-364 0 1 RCF20 1 0 
FRB011-144 0 0 HOB014 a16-365 0 1 ECF22 1 2 
FRB011-145 0 0 HOB0032-366 0 1 ECF20 1 3 
FRB011-146 0 0 FRB28 a29-367 0 1 RSF03 1 1 
FRB008-147 0 0 FRB33-368 0 1 RSF12 1 0 
FRB008-148 0 0 FLB30-369 0 1 RCF28 1 0 
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FRB011-149 0 0 FLB30-370 0 1 ESF05 1 0 
FRB011-150 0 0 FLB30-371 0 1 RCF27 1 2 
FRB011-151 0 0 FLB30-372 0 1 ARP17  2 0 
FRB011-152 0 0 FRB28 a29-373 0 1 ARP19  2 0 
FRB008-153 0 0 FRB28 a29-374 0 1 AED02  2 0 
FRB008-154 3 3 FRB28 a 29-375 0 1 AED04  2 2 
FRB008-154.1 2 2 FRB25-376 0 1 AED05.1  2 0 
FRB008-154.2 2 2 FRB25-377 0 1 RZ18 2 0 
FRB008-155 2 1 FRB25-378 0 1 RZ27 2 0 
FLB009-156 2 0 HOB25-379 0 1 RZ50 2 0 
FLB009-157 1 0 FRB28 a29-380 0 1 RZ06 2 0 
FRB011-158 0 0 HOB25-381 0 1 RZ03 2 0 
FRB008-159 0 0 HOB33 a34-382 0 1 RZ21 2 0 
FRB008-160 0 0 HOB30-383 0 1 RZ55 2 0 
FLB009-161 0 0 HOB30-384 0 1 RZ13 2 0 
FLB009-162 0 0 FLB30-385 0 1 RZ48 2 0 
FLB009-163 0 0 FLB30-386 0 1 RZ44 2 2 
FLB009-164 0 0 FLB30-387 0 1 RZ61 2 2 
FRB008-165 3 3 FLB30-388 0 1 ED04 2 3 
FRB008-166 1 0 HOB17 a21-389 0 1 ED23 2 0 
FRB008-167 1 0 HOB17 a21-390 0 1 RZ19 2 0 
FRB008-168 1 3 FLB30-391 0 1 RZ11 2 1 
FRB008-169 0 0 FLB30-392 0 1 RZ28 2 0 
FRB008-170 0 0 FLB30-393 0 1 ED14 2 0 
FRB011-171 0 0 HOB28 a29-394 0 1 ED27 2 0 
FRB008-172 0 0 HOB25-395 0 1 ED01 2 0 
FLB009-173 0 0 HOB25-395 0 1 ED2.1 2 0 
FLB009-174 2 2 HOB25-396 0 1 ED16 2 1 
FLB009-175 2 2 HOB26 a27-397 0 1 ED07 2 0 
FRB008-176 0 0 HOB26 a27-398 0 1 RSF08 2 3 
FRB008-177 0 0 HOB26 a27-399 0 1 RCF16 2 0 
FRB008-178 0 0 HOB26 a27-400 0 1 ESF12 2 0 
FRB008-179 0 0 HOB26 a27-401 0 1 RSF01 2 0 
FRB008-180 0 0 HOB31-402 0 1 ECF21.1 2 1 
FRB008-181 0 0 HOB31-403 0 1 RCF19.1 2 1 
FLB009-182 2 2 HOB31-404 0 1 ECF30.1 2 3 
FRB009-183 2 1 HOB31-405 0 1 RSF05 2 2 
FRB009-184 1 1 HOB31-406 0 1 ECF23 2 3 
FRB009-185 3 3 HOB31-407 0 1 RSF11 2 3 
FRB009-186 1 1 HOB31-408 0 1 ECF28 2 3 
FRB009-187 3 3 HOB31-409 0 1 ESF13 2 0 
FRB011-188 0 0 HOB26 a27-410 0 1 ARP01  3 2 
FRB009-189 0 0 HOB26 a27-411 0 1 ARP02  3 2 
FRB009-190 0 0 HOB26 a27-412 0 1 ARP03  3 0 
FRB009-191 0 0 HOB31-413 0 1 ARP04  3 0 
FRB008-192 0 0 HOB31-414 0 1 AED06  3 3 
FRB008-193 0 0 HOB26 a27-415 0 1 RZ47 3 0 
FRB008-194 2 0 FRB26 a27-416 0 1 RZ09 3 1 
FRB008-195 3 3 FRB26 a27-417 0 1 RZ02 3 0 
FRB011-196 0 0 FRB26 a27-418 0 1 RZ43 3 2 
FRB008-197 0 0 FRB26 a27-419 0 1 RZ16 3 0 
FRB008-198 0 0 FRB26 a27-420 0 1 ED20.1 3 1 
FRB011-199 0 0 FRB26 a27-421 0 1 ED13 3 1 
FRB011-200 0 0 HOB26 a27-422 0 1 ED02 3 0 
FRB008-201 0 0 HOH19 3 3 ECF25 3 0 
FRB011-202 3 3 HOH20 3 3 ECF26 3 2 
FRB008-203 0 0 HOH21 3 3 AED03.1 0 1 
FRB011-204 0 0 SPB6A1 (1) 1 3 ARP06 0 0 
FRB011-205 0 0 SPB6A1 (2) 1 3 ARP11 2 0 
FRB008-206 0 0 SPB6A1 (3) 0 0 ARP13 0 0 
FRB009-207 0 0 CB1A1 (1) 0 0 ARP18 0 0 
FRB008-208 2 3 CB1A1 (2) 2 3 ARP20 0 0 
FRB009-209 0 0 CB5A1 2 3 ARP22 0 0 
FRB009-210 0 0 EB5A1  2 3 AED08 0 0 
FRB009-211 3 3 CB4A1  2 3 RZ33 1 0 
FRB009-212 2 1 CB6A1* 2 3 RZ35.1 2 0 
FRB009-213 3 3 SPB3A1  2 3 RZ35.2 2 0 
FRB009-214 3 3 SPB2A1 2 3 ARP5.1 3 3 
FRB011-215 0 0 GB4A1 2 3 ARP2.1 2 2 
FRB008-216 0 0 ANJA40(1) 1 0 ARP6 2 2 
FRB008-217 0 0 GB5A1  1 3 RZ57.1 0 3 
FRB008-218 0 0 GB5A1 (2) 0 0 RZ57.2 0 0 
FRB008-219 0 0 JB1A1 1 3 RZ56.1 3 2 
FRB008-220 0 0 JB1A1 (2) 1 0 RZ59.1 0 0 
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5000 2500 1250 625 312.5 156.3 78.1 39.1 
FRB005-14 0.156 0.168 0.231 0.301 0.333 0.398 0.475 0.564 
HOB17a21-340 0.149 0.159 0.265 0.295 0.345 0.403 0.485 0.542 
HOH21 0.147 0.189 0.195 0.250 0.312 0.385 0.456 0.498 
HOH20 0.185 0.195 0.187 0.269 0.342 0.323 0.465 0.489 
HOH19 0.174 0.187 0.195 0.235 0.321 0.411 0.495 0.468 
FRB009-214 0.031 0.152 0.197 0.235 0.254 0.297 0.356 0.501 
FRB009-187 0.029 0.142 0.156 0.191 0.254 0.273 0.381 0.533 
FRB011-221 0.034 0.033 0.153 0.168 0.189 0.289 0.376 0.501 
FRB009-213 0.026 0.031 0.142 0.178 0.213 0.288 0.366 0.537 
FRB009-185 0.040 0.015 0.156 0.145 0.199 0.284 0.355 0.552 
FRB004-12 0.023 0.036 0.165 0.193 0.251 0.323 0.421 0.543 
FRB008-165 0.025 0.031 0.166 0.174 0.203 0.282 0.417 0.521 
FRB011-202 0.022 0.026 0.045 0.169 0.211 0.299 0.383 0.589 
FRB008-154 0.036 0.028 0.026 0.023 0.153 0.220 0.313 0.562 
FRB008-195 0.025 0.024 0.022 0.033 0.152 0.201 0.322 0.569 
FRB009-211 0.023 0.021 0.019 0.027 0.154 0.194 0.341 0.496 
HOB008-290 0.023 0.018 0.016 0.022 0.156 0.199 0.311 0.495 
ARP-110 0.022 0.035 0.023 0.024 0.157 0.214 0.312 0.526 
ARP-346 0.032 0.025 0.035 0.025 0.181 0.219 0.298 0.265 
AED07 0.019 0.026 0.026 0.030 0.164 0.222 0.303 0.324 






5000 2500 1250 625 312.5 156.3 78.1 39.1 
FRB005-14 0.211 0.289 0.368 0.541 0.611 0.703 0.712 0.752 
HOB17a21-340 0.202 0.228 0.297 0.385 0.456 0.585 0.652 0.733 
HOH21 0.233 0.222 0.321 0.396 0.475 0.531 0.621 0.728 
HOH20 0.195 0.236 0.352 0.402 0.498 0.565 0.622 0.717 
HOH19 0.131 0.250 0.319 0.413 0.495 0.526 0.645 0.726 
FRB009-214 0.075 0.189 0.252 0.326 0.399 0.485 0.651 0.740 
FRB009-187 0.031 0.194 0.261 0.362 0.492 0.586 0.689 0.718 
FRB011-221 0.032 0.048 0.210 0.301 0.409 0.522 0.656 0.716 
FRB009-213 0.036 0.056 0.201 0.313 0.451 0.526 0.688 0.719 
FRB009-185 0.026 0.550 0.206 0.324 0.414 0.522 0.674 0.785 
FRB004-12 0.028 0.067 0.234 0.362 0.443 0.541 0.660 0.748 
FRB008-165 0.030 0.062 0.221 0.307 0.409 0.511 0.629 0.716 
FRB011-202 0.024 0.039 0.075 0.255 0.415 0.523 0.669 0.711 
FRB008-154 0.026 0.052 0.065 0.061 0.213 0.233 0.389 0.741 
FRB008-195 0.028 0.031 0.049 0.053 0.251 0.252 0.345 0.755 
FRB009-211 0.021 0.037 0.046 0.510 0.261 0.242 0.398 0.744 
HOB008-290 0.029 0.033 0.044 0.034 0.236 0.243 0.456 0.742 
ARP-110 0.019 0.043 0.054 0.049 0.218 0.229 0.423 0.699 
ARP-346 0.018 0.029 0.062 0.043 0.247 0.259 0.432 0.713 
AED07 0.024 0.053 0.053 0.037 0.261 0.198 0.258 0.355 








Average optical density 
Concentration (µg.mL-1) 
5000 2500 1250 625 312.5 156.3 78.1 39.1 
FRB005-14 0.184 0.229 0.300 0.421 0.472 0.551 0.594 0.658 
HOB17a21-340 0.176 0.194 0.281 0.340 0.401 0.494 0.569 0.638 
HOH21 0.190 0.206 0.258 0.323 0.394 0.458 0.539 0.613 
HOH20 0.190 0.216 0.270 0.336 0.420 0.444 0.544 0.603 
HOH19 0.153 0.219 0.257 0.324 0.408 0.469 0.570 0.597 
FRB009-214 0.053 0.171 0.225 0.281 0.327 0.391 0.504 0.621 
FRB009-187 0.030 0.168 0.209 0.277 0.373 0.430 0.535 0.626 
FRB011-221 0.033 0.041 0.182 0.235 0.299 0.406 0.516 0.609 
FRB009-213 0.031 0.044 0.172 0.246 0.332 0.407 0.527 0.628 
FRB009-185 0.033 0.283 0.181 0.235 0.307 0.403 0.515 0.669 
FRB004-12 0.026 0.052 0.200 0.278 0.347 0.432 0.541 0.646 
FRB008-165 0.028 0.047 0.194 0.241 0.306 0.397 0.523 0.619 
FRB011-202 0.023 0.033 0.060 0.212 0.313 0.411 0.526 0.650 
FRB008-154 0.031 0.040 0.046 0.042 0.183 0.227 0.351 0.652 
FRB008-195 0.027 0.028 0.036 0.043 0.202 0.227 0.334 0.662 
FRB009-211 0.022 0.029 0.033 0.269 0.208 0.218 0.370 0.620 
HOB008-290 0.026 0.026 0.030 0.028 0.196 0.221 0.384 0.619 
ARP-110 0.021 0.039 0.039 0.037 0.188 0.222 0.368 0.613 
ARP-346 0.025 0.027 0.049 0.034 0.214 0.239 0.365 0.489 
AED07 0.022 0.040 0.040 0.034 0.213 0.210 0.281 0.340 
ARP5.1 0.033 0.032 0.028 0.026 0.030 0.033 0.147 0.175 
Control 0.617 
         
      
Not significant 
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Optical density (UA) of C. gloeosporioides treated with different concentrations of the extracts from bioreactor 
fermentations 
Fermentation 
conditions 0.5% ± SD 
ANOVA/ 
Tukey 0.25% ± SD 
ANOVA/ 
Tukey 0.125% ± SD 
ANOVA/ 
Tukey 0.062% ± SD 
ANOVA/ 
Tukey 
150 rpm/ 0.5 vvm 0.225 ± 0.012 c 0.277 ± 0.025 c 0.801 ± 0.052 a 0.837 ± 0.018 a 
150 rpm/ 1.0 vvm 0.288 ± 0.094 c 0.786 ± 0.125 d 0.9 ± 0.096 a 1.058 ± 0.111 b 
150 rpm/ 1.5 vvm 0.245 ± 0.009 c 0.628 ± 0.147 d 0.764 ± 0.116 a 0.893 ± 0.066 ab 
300 rpm/ 0.5 vvm 0.213 ± 0.015 c 0.536 ± 0.160 d 0.535 ± 0.157 b 0.724 ± 0.032 c 
300 rpm/ 1.0 vvm 0.245 ± 0.036 c 0.429 ± 0.125 d 0.591 ± 0.135 b 0.683 ± 0.069 c 
300 rpm/ 1.5 vvm 0.095 ± 0.004 a 0.102 ± 0.006 b 0.148 ± 0.009 c 0.431 ± 0.065 d 
450 rpm/ 0.5 vvm 0.083 ± 0.010 a 0.103 ± 0.015 b 0.128 ± 0.012 c 0.195 ± 0.023 e 
450 rpm/ 1.0 vvm 0.148 ± 0.013 b 0.289 ± 0.025 c 0.489 ± 0.123 b 1.503 ± 0.116 e 
450 rpm/ 1.5 vvm 0.082 ± 0.005 a 0.082 ± 0.007 a 0.136 ± 0.016 c 0.216 ± 0.012 e 
600 rpm/ 0.5 vvm 1.203 ± 0.135 d 1.455 ± 0.084 e 1.498 ± 0.076 d 1.511 ± 0.119 f 
600 rpm/ 0.0 vvm 1.523 ± 0.084 e 1.622 ± 0.113 e 1.389 ± 0.105 d 1.401 ± 0.095 f 
Control 1.666 ± 0.124 e 1.622 ± 0.121 e 1.166 ± 0.094 d 1.459 ± 0.097 f 
                 
 
Optical density (UA) of P. cinammomi treated with different concentrations of the extracts from bioreactor 
fermentations 
Fermentation 
conditions 0.5% ± SD 
ANOVA/ 
Tukey 0.25% ± SD 
ANOVA/ 
Tukey 0.125% ± SD 
ANOVA/ 
Tukey 0.062% ± SD 
ANOVA/ 
Tukey 
150 rpm/ 0.5 vvm 0.110 ± 0.017 a 0.121 ± 0.017 a 0.089 ± 0.003 a 0.092 ± 0.009 a 
150 rpm/ 1.0 vvm 0.124 ± 0.011 a 0.121 ± 0.019 a 0.113 ± 0.019 a 0.110 ± 0.016 a 
150 rpm/ 1.5 vvm 0.181 ± 0.066 a 0.126 ± 0.018 a 0.116 ± 0.017 a 0.102 ± 0.018 a 
300 rpm/ 0.5 vvm 0.091 ± 0.008 a 0.132 ± 0.033 a 0.110 ± 0.014 a 0.094 ± 0.011 a 
300 rpm/ 1.0 vvm 0.119 ± 0.021 a 0.155 ± 0.063 a 0.105 ± 0.018 a 0.102 ± 0.005 a 
300 rpm/ 1.5 vvm 0.116 ± 0.007 a 0.119 ± 0.022 a 0.127 ± 0.032 a 0.111 ± 0.017 a 
450 rpm/ 0.5 vvm 0.135 ± 0.026 a 0.133 ± 0.031 a 0.135 ± 0.024 a 0.119 ± 0.022 a 
450 rpm/ 1.0 vvm 0.118 ± 0.026 a 0.125 ± 0.031 a 0.113 ± 0.023 a 0.095 ± 0.012 a 
450 rpm/ 1.5 vvm 0.140 ± 0.015 a 0.130 ± 0.026 a 0.113 ± 0.038 a 0.095 ± 0.038 a 
600 rpm/ 0.5 vvm 0.250 ± 0.010 b 0.183 ± 0.021 b 0.401 ± 0.044 b 0.421 ± 0.029 b 
600 rpm/ 0.0 vvm 0.284 ± 0.015 b 0.355 ± 0.047 c 0.455 ± 0.049 b 0.435 ± 0.033 b 










B. Supplementary data Chapter 4: 
Supplementary S4-1 
Separation and purification process of bioactive compounds from Serratia 
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Supplementary S4-2 
VITEK 2 Analysis - Identification report 







   





2 APPA - 3 ADO + 4 PyrA + 5 IARL - 7 dCEL  - 9 BGAL - 
10 H2S - 11 BNAG + 12 AGLTp - 13 dGLU  + 14 GGT - 15 OFF + 
17 BGLU + 18 dMAL  + 19 dMAN  + 20 dMNE  + 21 BXYL - 22 Balap - 
23 ProA + 26 LIP - 27 PLE - 29 TyrA - 31 URE - 32 dSOR  + 
33 SAC - 34 dTAG  - 35 dTRE  + 36 CIT + 37 MNT - 39 5KG (+) 
40 ILATk + 41 AGLU - 42 SUCT - 43 NAGA + 44 AGAL - 45 PHOS + 
46 GlyA - 47 ODC + 48 LDC + 53 IHISa - 56 CMT + 57 BGUR - 
58 O129R - 59 GGAA + 61 IMLTa - 62 ELLM - 64 ILATa -    
 
Sensitivity information 
Antibiotic MIC Interpretation Antibiotic MIC Interpretation 
BLEE   Ertapenem <= 0.5 S 
Ampicillin   Meropenem <= 0.25 S 
Ampicillin/Sulbactam   Amikacin <= 2 S 
Piperacilin/Tazobactam   Gentamicin <= 1 S 
Cefazolin >=64 R Ciprofloxacin <= 0.25 S 
Ceftazidime <= 1 S Tigecycline <= 0.5 S 
Ceftriaxone <= 1 S Nitrofurantoin 128 R 
Cefepime <= 1 S Trimethoprim/ 
Sulfamethoxazole 
<= 20 S 
Aztreonam <= 1 S    
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Supplementary S4-3 




Figure S4-3-1. Chemical structure of haterumalide NA isolated from Serratia marcescens 
ARP5.1. 
 
Table S4-3-1. Proton and carbon NMR data for haterumalide NA obtained at 600 MHz with 






δ13C (ppm) δ1H (ppm) Multiplicity 
1 C 133.89 -- -- 
2 CH 125.56 5.19 m 
3 CH2 37.93 2.7, 1.47 dd, td 
4 CH 76.95 3.92 tt 
5 CH2 27.75 2.39, 1.41 m, dt 
6 CH2 34.78 2.49, 2.15 m, ddd 
7 CH2 26.68 3.5, 2.52 m, t 
8 CH 129.89 5.65 t 
9 C 133.1 -- -- 
10 CH 67.47 5.75 dd 
11 CH2 37.88 2.77, 2.09 t, dd 
12 C 170.37 -- -- 
13 CH 75.69 5.31 t 
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14 CH3 18.26 1.86 s 
15 CH 82.81 4.04 dd 
16 CH 66.68 4.59 dd 
17 CH 129.32 5.54 d 
18 C 132 -- -- 
19 CH2 44.4 3.08 dd 
20 C 173.97 2.51 m 
21 CH3 17.5 1.86 s 
22 C 168.1 -- -- 
23 CH3 21.28 2.04 s 
 
 
Figure S4-3-2. Nuclear Magnetic Resonance 1H spectrum of haterumalide NA obtained 
at 600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-3-3. Nuclear Magnetic Resonance 13C spectrum of haterumalide NA obtained 
at 600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-3-4. Bidimensional NMR spectrum HSQC experiment of haterumalide NA 
obtained at 600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-4-1. Chemical structure of prodigiosin isolated from Serratia sp. ARP5.1. 
 
Table S4-4-1. Proton and carbon NMR data for prodigiosin obtained at 600 MHz with 










1 CH 117.7 6.92 m 
2 CH 127.68 7.23 d 
3 C 122.02 -- -- 
4 CH 111.9 6.35 m 
5 C 148.42 -- -- 
6 C 121.05 -- -- 
7 C 166.05 -- -- 
8 CH 93.24 6.08 s 
9 CH 116.11 6.95 s 
10 C 125.52 -- -- 
11 CH3 58.72 3.99 s 
12 C 146.65 -- -- 
13 C 128.51 -- -- 
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14 CH 129 6.68 d 
15 CH3 12.19 2.42 s 
16 CH2 25.35 2.37 t 
17 CH2 29.81 1.52 p 
18 CH2 31.43 1.31 m 
19 CH2 22.5 1.31 m 
20 CH3 14.03 0.88 t 
 
 
Figure S4-4-2. Nuclear Magnetic Resonance 1H spectrum of prodigiosin obtained at 600 
MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-4-3. Nuclear Magnetic Resonance 13C spectrum of prodigiosin obtained at 600 
MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-4-4. Bidimensional NMR spectrum HSQC experiment of prodigiosin obtained 
at 600 MHz with sample dissolved in chloroform-d (CDCl3). 
  
138 Metabolitos secundarios microbianos como alternativa de control frente a 
fitopatógenos del aguacate (Persea americana Mill.) 
Título de la tesis o trabajo de investigación 
 
Supplementary S4-5 




Figure S4-5-1. Chemical structure of serratamolide isolated from Serratia sp. ARP5.1. 
 
Table S4-5-1. Proton and carbon NMR data for serratamolide obtained at 600 MHz with 










1 C 169.63 -- -- 
2 CH2 40.48 2.64, 2.41 dd, dd 
3 CH 72.35 5.32 m 
4 C 110.01 -- -- 
5 CH 54.61 4.6 m 
6 CH2 63.14 4.19, 3.84 d, d 
7 CH2 32.38 1.7 m 
8 CH2 25.81 1.28 m 
9 CH2 29.21 1.28 m 
10 CH2 29.24 1.28 m 
11 CH2 31.82 1.28 m 
12 CH2 22.64 1.28 m 
13 CH3 14.09 0.88 m 
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Figure S4-5-2. Nuclear Magnetic Resonance 1H spectrum of serratamolide obtained at 
600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-5-3. Nuclear Magnetic Resonance 13C spectrum of serratamolide obtained at 
600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-5-4. Bidimensional NMR spectrum HSQC experiment of serratamolide 
obtained at 600 MHz with sample dissolved in chloroform-d (CDCl3). 
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Figure S4-6. Self-inhibition test on S. marcescens ARP5.1. Pure haterumalide NA and 










Figure S4-7. Microscopic analysis of Phytophthora palmivora by the light and fluorescence 
microscope. A. completely healthy mycelia and cellular structures compared to control (not 
shown) and presenting several sporangia (s), releasing sporangia (releas. S) and empty 
sporangia (Empt. S). B. Mycelia stained with calcofluor white showing sporangia (S). C. 
Mycelia stained with propidium iodide showing sporangia (S). D. Merged image. 
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Figure S4-8. Microscopic analysis of Phytophthora nicotianae by the light and fluorescence 
microscope. A. completely healthy mycelia and cellular structures compared to control (not 
shown) and presenting several sporangia (s), releasing sporangia (releas. S) and empty 
sporangia (Empt. S). B. Mycelia stained with calcofluor white showing sporangia (S). C. 
Mycelia stained with propidium iodide showing sporangia (S). D. Merged image
 
 
 
 
